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Abstract
ATTEMPTS TO GENERATE ATHEROPROTECTIVE
LECITHIN:CHOLESTEROL ACYLTRANSFERASE (LCAT)
PHENOTYPES BY CHIMERAPLASTY

Lecithin-cholesterol acyltransferase (LCAT) is a high-density lipoprotein
(HDL)-associated enzyme, which is secreted mainly by the liver. By esterifying
cholesterol in the surface of immature HDL, LCAT drives reverse cholesterol
transport, an important process in preventing atherosclerosis. Specific point
mutations in the LCAT gene, producing serine to alanine amino acid substitutions at
positions 208 or 216, are reported to increase enzymatic activity up to 14 times. Here,
I attempt to create these mutations using a new technology, termed chimeraplasty —
targeted gene repair in situ using synthetic RNA-DNA oligonucleotides
(chimeraplasts).

First, I demonstrated that the Ser208Ala and Ser216Ala mutations do increase
LCAT specific activity by comparing recombinant Chinese hamster ovary (CHO) cells
secreting wild-type LCAT (CHO-LCAT), LCATser216a1, Or LCATser208a1a+5er216a12. I then
targeted CHO-LCAT cells, and a human hepatoma cell line (HepG2), in vitro with
chimeraplasts directed at the Ser208 and Ser216 sites. However, I was unable to
create the required thymidine to guanine nucleotide substitution required using
standard procedures, even by varying transfection conditions, repeat targeting, or
altering chimeraplast design. I studied, therefore, chimeraplast uptake into the
nucleus with various polyethylenimine (PEI)-based transfection reagents by using
fluorescently-labelled oligonucleotides and a validated chimeraplast, able to mutate
the apolipoprotein E (APOE) gene. I found that melittin-PEI, transferrin-PEI and
galactose4-PEI were superior to linear PEI, but targeting the LCAT gene with these
optimal reagents failed to produce either Ser208Ala or Ser216Ala mutations.
Moreover, co-targeting cells simultaneously with LCAT and apoE chimeraplasts
mutated the APOE gene, but not the LCAT gene.

Finally, to investigate possible gene position or sequence effects I produced
recombinant CHO cells expressing both LCAT and apoE targeting regions adjacent to
each other. When these cells were co-targeted the Ser216Ala mutation was successful.
I conclude that chimeraplast-directed gene mutation/repair is a promising technique
but further investigation is required to explain inconsistent results when targeting
different cell lines.
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1.1 ATHEROSCLEROSIS AND LIPOPROTEIN
METABOLISM

Cardiovascular disease ranks as the top cause of death in the UK, with about
238,000 mortalities a year [1]. To illustrate the size of the problem, approximately 2
million people suffer from angina, the most common symptom of coronary heart
disease (CHD), and the disease causes the premature death of 22% of men in this
country. Economically, CHD costs the country a total of about £7,000 million a year,
for the healthcare system and as work days lost because of the disease.
Atherosclerosis, the cause of coronary heart disease and strokes, is the subject of
much investigation, as researchers attempt to come to as much understanding as
possible of this multifactorial process, in the hopes of finding targets that can be used

to prevent or reverse its occurrence.

1.1.1 ATHEROGENESIS

Atherogenesis is the process by which an atheroma is formed: a build-up of
lipids, cholesterol, calcium and cellular debris, associated with endothelial
dysfunction and vascular inflammation, within the intima of a blood vessel wall. The
exact course of events in the formation of such a lesion is still incompletely
understood, but we do know that early lesions are the fatty streaks seen even in
children’s arteries: sites of inflammation made up solely of monocyte-derived
macrophages and T lymphocytes. Progression to a more advanced form of lesion is
currently explained by the “response-to-injury” hypothesis, which holds that the
resulting endothelial dysfunction is caused by injury [2]. This injury can be in the
form of oxidized low-density lipoproteins (LDL), free radicals created by cigarette
smoking, hypertension, diabetes mellitus, an infectious agent, a toxin, or

homocystinaemia.

Whatever the stimulus, lesion progression begins with the entry of
mononuclear leucocytes and platelets to the intima. The signal received by these
leucocytes, calling them to the vascular endothelium, is mediated by a host of factors.
Adhesion molecules such as the selectins and vascular cell adhesion molecule-1

(VCAM-1) are secreted as a result of the presence of oxidatively modified
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lipoproteins, local shear stress, and the presence of interleukin-1 (IL-1) and tumour
necrosis factor-a (TNF-a), leading to the aggregation of lymphocytes and monocytes

[3].

After the leucocytes adhere to the endothelium they begin to enter the artery
wall. It is currently believed that this process is directed by certain chemokines. For
example, atherogenesis appears to be reduced in mice lacking the macrophage
chemoattractant protein-1 (MCP-1) molecule [4]. Other chemokines, such as those
produced by vascular cells: interferon-inducible protein 10 (IP-10), monokine induced
by interferon-y (MIG), and interferon-inducible T-cell alpha chemoattractant (I-TAC)
have also been associated with atheromatous lesions. Literature produced over the
past few years increasingly demonstrates that modified lipoproteins can cause the
expression of adhesion molecules and cytokines associated with the early stages of
atherogenesis, as they carry oxidized phospholipids [5,6]. As soon as macrophages
collect in the intima, they begin to accumulate LDL, forming foam cells, the trademark
of the early atheroma. The resulting fatty streak may be reversible, but further
accumulation of macrophages in the arterial intima leads to progression of the

atheroma.

The result of these changes is increased adhesiveness of the endothelium,
increased procoagulant properties instead of the normal anticoagulant properties of
the endothelium, and the formation of vasoactive molecules, including cytokines and
growth factors. The lesion at this stage can follow one of two directions: the offending
agents can be destroyed and removed from the site of inflammation, or the
inflammation can proceed indefinitely, with migration and proliferation of smooth
muscle cells, forming the intermediate lesion. At this point arterial remodelling will
occur, including dilatation of the arterial wall to accommodate its thickening [7].
Meanwhile, cell numbers will increase at the lesion site, with more macrophages and
lymphocytes appearing as they multiply in situ and become activated, releasing
hydrolytic enzymes, cytokines, chemokines and growth factors.

The accumulation of smooth muscle cells and their secretion of matrix
macromolecules lead to the formation of a more fibrous plaque and the creation of an
advanced, complicated lesion. The extracellular connective tissue matrix forms a cap
over the foam cells, extracellular lipids and necrotic cellular debris which form the
core of the plaque [8]. At this point rupture of the fibrous cap may result in luminal

exposure to platelet-derived growth factor, insulin-like growth factor, transforming
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growth factors alpha and beta, thrombin and angiotensin II: molecules that are
produced by activated platelets and macrophages and aid in taking the plaque to a
more dangerous level [9]. Plaque rupture can result in the formation of thrombus,

with partial or complete occlusion of the artery.

For the purposes of this thesis, the most important element to understand in
the atherogenic process is that a high circulating level of LDL leads to the presence of
oxidized LDL (oxLDL). This is due to the fact that the antioxidant properties of the
healthy endothelium are overwhelmed in the presence of elevated serum levels of
LDL. LDL can be oxidized by a variety of substances, such as superoxide anion
radicals [10], myeloperoxidase [11], lipoxygenases [12], or transition metals [13]. Both
lipid [14] and protein [15] components of LDL can be oxidized. Though quantification
of LDL oxidation is difficult, one study found that patients who had suffered an acute
myocardial infarction had approximately 5% circulating oxLDL, compared to 0.01%
in normal patients [16]. The resulting oxLDL is preferentially taken up by
macrophages [17], leading to the formation of foam cells.

The recent discovery of lectin-like oxidized LDL receptor-1 (LOX-1) has
allowed valuable new insights into the mechanisms by which oxLDL is atherogenic.
LOX-1 is the major oxLDL receptor on endothelial cells, but also has inducible
expression in macrophages and smooth muscle cells. Association of oxLDL with the
receptor leads to endothelial changes, namely by stimulation of nuclear factor-kappaB
(NF-xB), which leads to induction of adhesion molecules and endothelial apoptosis
[18]. Another receptor, scavenger receptor for phosphatidylserine and oxidized
lipoprotein (SR-PSOX), was found on macrophages and was shown to be upregulated
in these cells present in human atherosclerotic lesions, but not in normal aorta [19].
Oxidized LDL also competes with oxidatively damaged and apoptotic cells for CD36
and scavenger receptor type Bl (SR-B1) on macrophages [20,21].

Oxidized LDL was also found to contain platelet activating factor (PAF)-like
fragments that activate the PAF receptor. The effect of this activation was
demonstrated by injecting PAF-like oxLDL into the mouse pleural cavity [22]. This
resulted in inflammatory infiltration, recruitment of monocytes, neutrophils and
eosinophils because of induction of 5-lipoxygenase expression in leucocytes and
expression of MCP-1 and leukotriene Bs. Therefore, we can see that oxXLDL can act via

several receptors.
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The elements that make up LDL also play an important part in whether the
molecule will act in an atherogenic manner. One study looked at oxLDL inhibition of
nitric oxide (NO) activity in macrophages, an important anti-atherogenic factor. The
protein segment of LDL appeared to have no inhibitory effect, linoleic acid and
phosphatidylcholine oxidized separately also had no effect, but linoleic acid and
cholesterol oxidized together showed a strong inhibitory effect on NO production,
antagonising its vasodilatative effect [23]. NO is known for its anti-atherogenic
properties, as it inhibits monocyte aggregation and the secretion of certain molecules
(e.g- TNF-a) that stimulate VCAM-1 expression, and thus here we find another path
through which oxLDL is pro-atherogenic.

Oxidized LDL has a variety of toxic effects, leading to impaired endothelium-
dependent dilatation and paradoxical vasoconstriction [24], elements associated with
atherosclerosis. In conclusion, we see that an important aim in the prevention of
atheromatous development should be control of the circulating level of LDL. Reverse
cholesterol transport is an essential process in LDL management and is discussed in
Section 1.1.3. In order to study cholesterol transport, it is necessary to understand the

molecules that cafry cholesterol, namely the lipoproteins.

1.1.2 LIPOPROTEINS AND THEIR NORMAL METABOLISM

Cholesterol and triglycerides are transported in the body by lipoproteins,
macromolecules made up of lipids and proteins. These complexes consist of a core of
hydrophobic lipids covered by a layer of polar lipids, phospholipids and proteins
[25], forming a globular structure. There are five major types of lipoproteins and they
vary by their lipid and protein composition (Table 1-1), as well as by their function.
The five types of lipoproteins are classified according to their density, which is
determined by the ratio of proteins to lipids in the complex: the higher the protein
content, the denser the lipoprotein. Despite this classification, physiological events
that involve the lipoproteins alter them incessantly so that they cannot be considered

fixed structures.

The protein components of lipoproteins are known as apolipoproteins (apo).
They have important functions in lipid transport and metabolism and interact with

cell receptors or have regulatory functions towards specific enzymes involved in lipid

19



modification. The structure of apolipoproteins always includes amphipathic a-helices
with hydrophobic side chains that can interact with the lipid interior of lipoproteins
and hydrophilic residues that interact with the surface phospholipids or with plasma
elements [26].

Lipoprotein Density (g/ml) | Apolipoproteins Lipids (Major
components)
Chylomicrons <0.94 A-I, B48, C-1, C-1I, TG>>>PL,FC,CE
C-IL E
Very-low-density 0.950-1.006 B-100, C-II, C-IIL E | TG >>PL, FC, CE
lipoproteins (VLDL)
Intermediate-density- 1.006-1.019 B-100, C-1IL E TG >PL, CE>FC
lipoproteins (IDL)
Low-density 1.019-1.063 B-100 CE>PL>FC, TG
lipoproteins (LDL)
High-density 1.063-1.125
lipoproteins (HDL) (HDLy)
A-1, A-I1, C-III PL>CE>FC, TG
1.125-1.21
(HDLs)

Table 1-1: Properties of the lipoproteins.
Density and components of the different lipoprotein complexes [27]. TG: triglycerides, PL:
phospholipids, CE: cholesteryl esters, FC: free cholesterol.
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When transport processes function optimally, lipids in the blood are kept at
levels that meet the requirements of target organs, with just enough to be stored away
for situations when increased energy is necessary. If an excess of lipids is found in

plasma, this can lead to the development atheromas, as was discussed in Section 1.1.1.

Dietary fats are carried into the circulation by chylomicrons, which are
assembled in the intestinal mucosa. These large lipoproteins are made up of
triglycerides, phospholipids, and cholesteryl esters, as well as the protein, apoB-48.
Chylomicrons are transported to the blood through the lymphatic system. On its
travels, chylomicrons acquire C apolipoproteins from high-density lipoproteins
(HDL). Once they reach muscle and adipose tissue, apolipoprotein C-II (apoC-II) in
the lipoprotein surface activates the enzyme lipoprotein lipase (LPL) expressed on the
surface of vascular endothelial cells [28]. The enzyme catalyses the reaction that
breaks down triglycerides to fatty acids and glycerol, which is taken up and re-
esterified in adipose tissue and muscle. The chylomicrons become progressively
smaller as they lose their triglycerides and eventually become chylomicron remnants.
On the way to becoming remnants they also transfer their cholesterol, phospholipids
and apoC to HDL in exchange for apolipoprotein E (apoE). Recognition of apoE by
the LDL receptor (LDL-R) and the LDL receptor-related protein (LRP) in the liver
results in the chylomicron remnants being taken up for degradation [29].

Lipoproteins other than chylomicrons are responsible for the transport of
endogenous lipids. Here, circulation of lipids involves shuttling of lipoproteins
between the liver and peripheral tissues. Fatty acids and cholesterol are carried away
from the liver by triglyceride-rich very-low-density liporoteins (VLDL). ApoC-II is
present on the particles and therefore these lipoproteins can also interact with LPL
and provide fatty acids to muscle and adipose tissue [30]. In the process of losing
their fats, the lipoprotein progressively becomes smaller and is now termed an

intermediate-density lipoprotein (IDL).

IDL can also give up more fatty acids to become LDL particles, or can be taken
up by the liver via the LDL receptor. Additionally, all the while that VLDL and IDL
are in plasma, they can transfer phospholipids to HDL using phospholipid transfer
protein (PLTP), and also exchange triglycerides for HDL's cholesteryl esters with the
help of cholesteryl ester transfer protein (CETP) [31].
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LDL delivers cholesterol to peripheral tissues. This lipoprotein carries most of
the cholesterol in blood and has only apolipoprotein B-100 (apoB-100) as its protein
component. Most of the cholesterol ends up in the liver, but the rest is taken to any
other tissues that express LDL-R. The LDL-R is found on the exterior surface of cells
in clathrin-coated pits. The receptor binds apoB-100 and apoE of LDL or other
lipoproteins. The lipoprotein is taken into the cell by endocytosis of the coated pit to
form a coated vesicle. The clathrin is then released to go back to the plasma
membrane, while the vesicle fuses with an acidic endosome. The acidic environment
results in the separation of LDL from the receptor. The receptor buds off and is
recycled, while the endosome containing the LDL fuses with a lysosome. The LDL is
then degraded, the apoB-100 digested by proteases, and the cholesterol used in

membranes or stored away as cholesteryl esters [32].

The cell acquires cholesterol from LDL via the LDL-R and also by endogenous
synthesis. For excess cholesterol to leave the cell, HDL comes into the picture, and
functions as a means to transport cholesterol to the liver for degradation. This
pathway is necessary because the sterol nucleus of cholesterol cannot be degraded by
cells (only modified to allow excretion [33]) and therefore needs to be removed when
in excess. Reverse cholesterol transport (RCT) is this pathway of cholesterol transport

from extrahepatic tissues back to the liver.

1.1.3 HDL AND REVERSE CHOLESTEROL TRANSPORT

Tangier disease is characterised by lipid-laden tonsils and abnormally low
serum HDL levels [34]. This rare condition was found to be associated with
mutations in the ATP-binding-cassette transporter class Al (ABCA1) gene [35].
Reverse cholesterol transport begins with release of cholesterol from cells via ABCA1,
a membrane-spanning transporter containing a highly hydrophobic segment at its
centre. The export of cholesterol is accomplished by a “flippase” action of the
transporter, where binding and hydrolysis of ATP results in a flipping of cholesterol
and phospholipids to the outer half of the lipid bilayer at this hydrophobic region
[36]. The externalised cholesterol is then taken up by lipid-poor apolipoprotein A-I
(apoA-I) to form nascent HDL. This primordial form of HDL is discoidal and
contains mainly apoA-I and phospholipids. On its travels in plasma, nascent HDL

sequesters cholesterol from peripheral cells, and therefore RCT flows following a
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gradient of cholesterol from peripheral tissues to the liver. The cholesterol at the
surface of HDL particles can act as a substrate for the enzyme lecithin:cholesterol
acyltransferase (LCAT), resulting in the esterification of cholesterol, which moves to
the core of the HDL particle and forms spherical HDL (HDLs) [37].

Once the mature, CE-laden HDL (HDL:) reaches the liver, it is taken up by
hepatocytes via SR-BI. This receptor is present in caveolae in the cell membrane:
invaginations containing glycosphingolipids, cholesterol and caveolins (proteins that
can bind cholesterol) [38]. The mechanism by which selective uptake of HDL-
cholesterol occurs at this receptor remains unclear, but it is thought that after
endocytosis of HDL, the cholesteryl esters are hydrolysed by neutral esterases.
Cholesterol is then released to the endosomal membrane, while the CE-depleted HDL
(HDLs) is recycled back to the cell surface.

The inverse relationship between plasma levels of HDL and coronary heart
disease has been established by a variety of studies [39-42], and RCT is implicated
here. However, RCT being a key function of atheroprotection, it is not the only
process, since HDL has anti-atherogenic functions beyond that of carrying cholesterol
away from peripheral tissues back to the liver. In recent years it has been shown that
HDL has the ability to counteract detrimental effects of LDL. OxLDL leads to
vasodilatation, but this can be reversed by HDL [43]. More specifically,
lysophosphatidylcholine, a product of LDL oxidation, inhibits vasodilatation but is
antagonised by HDL [44]. OxLDL causes a displacement of endothelial nitric oxide
synthase (eNOS) from caveolae, causing impaired production of NO. A proposed
mechanism for HDL's protective effect is through prevention of this blockade of NO
synthesis [45]. HDL also has a mitogenic effect on vascular smooth muscle cells
(VSMC). In an environment such as that of an atheromatous plaque, where there is
no endothelial barrier, VSMC are exposed to high concentrations of HDL, leading to
endothelial proliferation which aids in revitalising cells in the fibrous cap and
offsetting VSMC apoptosis, ultimately leading to plaque stability [46].

Another effect of HDL is in preventing endothelial adhesiveness, by inhibiting
cytokine-induced expression of adhesion molecules such as VCAM-1. This was
shown to be true both using isolated plasma HDL and using artificially reconstituted
HDL [47]. Platelet activation in the atheroma leads to a more complex lesion. HDL
has the ability to inhibit platelet activation through the presence of apoE in the HDL
particle. Our laboratory has shown that apoE can interact with the LRP8 receptor on
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the platelet surface, setting off a cascade that results in the production of NO, which
contributes to inhibition of platelet activation [48,49]. Other binding sites for HDL on
the platelet surface have also been proposed, but the exact identity of these receptors
is not yet clear. Nevertheless, binding of HDL here appears to lead to stimulation of
diacylglycerol production and activation of protein kinase C. This leads to inhibition
of phosphatidylinositol-specific phospholipase C activation, as well as to increased

Na*/H* exchange, both leading to inhibition of platelet activation [50,51].

Finally, HDL also has a potentially anti-atherogenic role to play by its function
as an anti-oxidant. It can reduce the oxidative modification of LDL by transition
metal ions and 12-lipooxygenase. HDL also mops up some of the products of LDL
oxidation, for example lysophosphatidylcholine, and transports them to the liver for
degradation [52,53]. ApoA-I and paraoxonase are components of the HDL particle
that are believed to contribute to its anti-oxidative properties [54]. Paraoxonase
catalyses the degradation of oxidized phospholipids in LDL and also decreases the

lipid peroxide content of coronary and carotid atheromas [55].

In conclusion, HDL has multiple anti-atherogenic functions: sequenstration of
cholesterol for transport to the liver, endothelial cell proliferation leading to plaque
stability, inhibition of endothelial adhesion and leukocyte activation, inhibition of
platelet activation, and anti-oxidant properties, to name a few. It thus becomes clear
that there are a vast number of reasons for promoting good HDL physiological
function. The next section will look at a protein that has an essential role in the

formation of mature HDL particles and the subject of this thesis: LCAT.
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1.2 LECITHIN:CHOLESTEROL ACYLTRANSFERASE
(LCAT)

1.2.1 STRUCTURE AND FUNCTION

LCAT plays an important role in lipoprotein metabolism, as it is responsible
for the synthesis of most of the cholesteryl esters in plasma. The enzyme was first
identified by Glomset in 1962 [56]. Since then it has been elucidated that LCAT is a
glycoprotein of about 63-kDa, made up of a single polypeptide chain of 416 amino
acid residues. Primary and secondary features of the enzyme were found to be
similar to those of members of the lipase family, based on the presence of an a/f3
hydrolase fold [57]. The 3-dimensional structure of human LCAT is not yet complete,
but the proposed model is based on that of pancreatic lipase and consists of a central
sheet of seven parallel B-strands connected by four a-helices (Fig. 1.1). This model
also predicts the amino acids that make up the catalytic triad, the closely apposed
Seris1, Aspass and Hisszz [58].

The polypeptide contains six cysteine residues, four of which make two
disulphide bridges: Cyss-Cysss and Cys313-Cyssss.  The first is essential for the
protein’s ability to bind to lipoprotein surfaces and resembles the ‘lid’ seen in lipases
[59,60]. The lid partially covers the active site of the enzyme in solution, then opens
up when bound to lipid surfaces, helping provide hydrophobic contacts with surfaces
and protein cofactors, and is also involved in the selection and binding of lipid
molecules at the active site [61]. The LCAT sequence also contains four N-
glycosylation sites that are used for glycan chain attachment, although their role is not
clearly understood. Nevertheless, it has been shown that removing certain chains
affects enzymatic activity, although it does not change folding or secretion of the
protein [62,63].

The main reaction catalysed by LCAT is the conversion of cholesterol and
phosphatidylcholine (PC) to cholesteryl ester (CE) and lysophosphatidylcholine
(lysoPC) (see Fig. 1.1). This reaction occurs on the surface of HDL and involves
binding of the enzyme to the lipid surface, activation of the enzyme by apoA-I, PC
binding, acyl enzyme formation (transfer of an acyl chain from the PC to Seris),
release of lysoPC, cholesterol binding, transfer of the acyl chain to the 3-f hydroxyl
group of cholesterol, and release of cholesteryl ester and enzyme [64]. Although the
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forward reaction in favoured, a reverse reaction can occur on the surface of LDL,
where lysoPC levels are more elevated. The rate limiting step is the binding of PC to
the active site, based on studies conducted that looked at activation energies and rates
of product formation [65]. Besides Seris, it has recently been suggested that amino
acids 149 and 294 also participate in binding PC at the active site and affect fatty acyl
specificity [66].

LCAT can act on the surface of both HDL and LDL, and recent studies have
investigated binding affinities to these particles. Using the surface plasmon resonance
biosensor method, Jin et al.[67] found that LCAT has the same association constant
when binding to all lipoproteins, but that the dissociation constant depends on the
presence of apoA-I and on the surface lipids. For example, replacing apoA-I with
apoA-II in reconstituted HDL (rHDL) increases the dissociation constant by four
times, indicating that there is a specific interaction with apoA-I that does not occur
with apoA-II. The same authors also found that LCAT dissociates from HDL after
only one catalytic cycle, which is different from dissociation patterns of other lipases
as they tend to remain bound to the lipid surface until they exhaust their substrates
[68]. ‘

Fielding et al. were the first to show that LCAT is activated by apoA-I [69].
Other apolipoproteins, such as apoE, apoA-IV and apoC-I, also activate the enzyme,
but to a lesser extent. It is the a-helix between residues 143 and 165 of the apoA-I
protein which is involved in this essential interaction with LCAT, and requires a
specific sequence. This has been verified by the fact that certain amino acid
substitutions within the region decrease LCAT activity [70], and more recently, three
key arginine residues (149, 153, and 160) in this region have been identified as crucial
to the interaction with LCAT [71]. On the LCAT side, interaction with apoA-I has not
been narrowed down to an exact region, but is thought to involve residues Py, and
Ti23, and possibly the helix between amino acids 151-174 [37,72]. If general lipase
patterns apply it would involve the lid area, so that apoA-I would stabilise the open

lid once binding to the lipid interface occurred.

Studies into binding of LCAT’s substrates at the active site show that the
orientation of PC does not have to be the same each time it binds, although sn-2 and
sn-1 ester bonds need to be very close to the catalytic triad for the reaction to take
place. This fact was elucidated as it became apparent that although transfer of sn-2

acyl groups from PC to cholesterol is preferable, the sn-1 acyl chain can be used

26



instead [73]. The binding site for cholesterol is not known, but there must be two
distinct sites for PC and cholesterol because PC and CE can be bound to LCAT
simultaneously [74]. The mechanism of the reaction is probably similar to that of
lipases, where there is a nucleophilic attack by the Ser-OH that cleaves the sn-2 or sn-1
ester bond of the PC, leading to acylation of the enzyme. The acyl-enzyme

intermediate then transfers the acyl chain to cholesterol [73].

active site

cholesterol cholesteryl
ester

LCAT

lyso-

e o phosphatidyicholine

Fig. 1.1: The structure and reaction of LCAT.

The proposedIS-dimensional model of the human LCAT protein (upper box) is based on
pancreatic lipase. The 63-kDa glycoprotein consists of seven parallel p-strands (yellow)
connected by four a-helices (red). The reaction catalysed by LCAT (lower box) is believed to
take place at the active site made up of the catalytic triad Ser181, Asp345 and His377. Ser208
is predicted to be present at the third position of p-strand 6, while Ser216 resides within the
long loop (amino acids 211-332) that separates the N- from the C-terminal region. [Protein
model adapted from Peelman, F. et al. (2001) ]. Lipid Res. 42, 471-479.]
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1.2.2 REGULATION OF LCAT ACTIVITY

The concentrations of LCAT in plasma were investigated by Albers and
colleagues [75]. They found that there is little variation in values obtained in
different age groups and between men and women. Even in smokers and with
steroid hormone use, the LCAT concentrations appeared to remain stable. The only
deviation was found in LCAT deficient patients, where levels were severely reduced.
Measurement of LCAT activity is complex because of levels being dependent on

substrate and influenced by lipoprotein composition as well as concentration.

Experiments conducted to determine whether there were differences in the
binding affinity of LCAT to a variety of lipoprotein particles showed that this
depends on their PC components, not on protein components. For example,
unsaturated PCs (egg-PC or palmitoyl oleoyl-PC) appeared to have higher affinity for
LCAT than saturated PC. Also, the higher the content of phosphatidylethanolamine
(PE) and sphingomyelin, the lower the binding affinity of LCAT for rHDL particles.
In terms of PC concentration, the order of affinities is rHDL(egg-
PC)2HDLs>HDL,>LDL [76]. Based on these findings, Kosek et al. [77] deduced that
physiologically, if HDL; is abundant, most of the LCAT in plasma will be bound to it.
If HDL levels are reduced, more LCAT will be free, fitting in with the above findings
that concluded that concentration and composition of lipoproteins regulate LCAT
activity.

LCAT also has a selectivity for phospholipids based on their structure, not
only their concentration. A variety of phospholipids were tested for LCAT reactivity
in identical rHDL particles with apoA-I. The order of phospholipid selectivity was
found to be PE2PC>PG>PA>PS, and chain length preference was in the order
12:0<14:0216:0>>18:0 (symmetrical saturated PCs). Branched or long polyunsaturated
(20:4) chains showed very low activity [78,79]. This means that the active site
recognises the phosphate group but has no specific preference for the head groups of
the phospholipids. It also will not accommodate chains longer or bulkier than 16:0 or
18:1.

Lipoproteins are important in controlling the LCAT reaction, but another
crucial regulatory factor is apoA-I. This apolipoprotein is involved in LCAT’s
reaction in several ways: 1) mediation of the binding of LCAT to lipid surfaces; 2)
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stabilization of the activated form of LCAT; 3) concentration of lipid substrates
around LCAT; 4) binding and presentation of lipid substrates to LCAT in an optimal
conformation; 5) help in product removal; and 6) help in dissociating LCAT from
lipid surfaces [76]. These supportive functions to the enzyme’s activity are evident in
patients with mutations in the APOAI gene in the region believed to be involved in
interactions with LCAT, as they show impaired LCAT activation [80] and abnormal
HDL maturation [81,82]. ApoA-II has an additional regulatory effect, as apoA-II
added to rHDL discs containing apoA-I has been shown to alter apoA-I conformation
to make it less effective in activating LCAT [83]. This is another example of how
important lipoprotein content is to the regulation of LCAT activity.

It is also interesting to note that the acyl chain removed from phospholipids in
the LCAT reaction can be accepted by a variety of other plasma components beside
cholesterol. Other sterols have been shown to be acyl acceptors with a preference
order of pregnenolone>cholesterol>dihydroepiandrosterone (DHEA)>>oestradiol =
corticosterone [84,85]. Nevertheless, cholesterol is much more abundant in plasma
compared to other sterols, which makes it preferential in the LCAT reaction. Other
acyl acceptors include lysoPC, water, long chain alcohols and diacylglycerol in vitro
[86]. Therefore, there is some competition for cholesterol with other acyl acceptors at

this stage of the reaction.

To summarize, LCAT activity is regulated by the composition of the
lipoproteins with which it interacts, by the phospholipids that serve as its substrates,
by apolipoproteins either activating or inhibiting the enzyme’s activity, and by the

presence of acyl acceptors in plasma.

1.2.3 ROLE IN REVERSE CHOLESTEROL TRANSPORT

LCAT has the essential role in lipid metabolism of creating a gradient for
cholesterol flux from peripheral cells through interstitial fluid and plasma into the
liver, by the esterification of cholesterol in HDL (Fig. 1.2). Along with hepatic lipase
(HL), ABCA1, and CETP, the four proteins are essential in RCT and contribute
towards atheroprotection. LCAT also maintains the shape and structure of HDL
acceptor particles [87]. Both these functions explain how LCAT plays a part in
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protecting against atherosclerosis. Nevertheless, RCT may not be as simple as

esterification of cholesterol in HDL and transport directly to the liver.

Chung and colleagues examined the flow of UC in plasma under different
conditions [88]. In a postprandial state, efflux of cholesterol from red blood cells
increased and was mainly accepted by chylomicrons and VLDL. Despite low levels of
HDL, cellular cholesterol efflux was not inhibited, and after 18 hours most of the
cholesterol was in ester form. Under fasting conditions, LDL was the only source of
UC. Based on these and other supportive findings [89-91] Dobiasova and Frohlich
proposed a new concept for LCAT’s role in RCT [92]. They believe that UC is
transferred from cells via pre-B-HDL or chylomicrons to LDL. UC is then taken from
these lipoproteins to HDL for esterification by LCAT. Part of this new CE is
incorporated in large HDL particles, while some is transferred by CETP to VLDL and
LDL. The CE remaining in HDL can then be delivered to SR-BI receptors in liver or
steroidogenic tissues. In this scheme, LCAT function depends on plasma LDL content
and LDL/HDL ratio, so that in a dyslipidaemic scenario (where the LDL/HDL ratio
is high) excess LDL would prevent cellular UC efflux and only UC already on LDL
would be esterified in HDL. The lack of larger HDL particles would force more CE
transfer via CETP to VLDL and LDL, leading to atherogenesis.

An earlier study by Francone and colleagues [93] found that cell-derived
cholesterol gets transferred to a-migrating HDL after esterification, but is present in
prePs-HDL before esterification. ~LCAT distribution was examined by two-
dimensional electophoresis and immunoblotting, and cholesterol esterification was
followed by incubating fibroblasts with [*H]-cholesterol. These preps-HDL particles
were found to contain a large proportion (30%) of LCAT and LCAT-derived CE
(30%). Also, the strong presence of CETP in these lipoproteins could explain the
quick turnover of the CEs, which were then found in a-HDL.

The' same laboratory later used transgenic mice expressing human LCAT to
study the importance of the enzyme on RCT [94]. Using plasma from these mice to
efflux cholesterol from fibroblasts, they found that their HDL was 44% more efficient
than control mouse HDL. A proposed explanation for this result is that the capacity
to promote cholesterol efflux is due to LCAT-mediated changes in the HDL particle’s
lipid composition. Esterification of cell-derived cholesterol was also significantly
increased using LCAT transgenic mouse plasma, as was the flux of CE to the liver

compared to control mouse plasma.
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Another possible role for LCAT is beginning to come to light, with evidence
appearing that it is able to reverse oxidation of LDL. Goyal and colleagues [95]
inhibited LCAT activity in plasma with di-isopropyl fluorophosphate (DFP) and found
that oxidized polar PCs accumulated. This suggested that LCAT detoxified polar PCs
created during LDL oxidation. This finding was verified by other groups [96,97]. At
the same time, it has been shown that lipid oxidation has an inhibitory effect on LCAT
activity [98], but while the enzyme loses its ability to esterify, it can still hydrolyse
water soluble substrates. Wang and Subbaiah [99,100] studied the protein to gain
understanding of the mechanisms involved in the interaction of LCAT with oxidized
LDL. Using site-directed mutagenesis they found that the primary locations of
influence by oxidation products are the SH groups of the enzyme, as modification of
these groups led to protection of LCAT against oxidative inactivation. They also
noticed that the interfacial binding domain of LCAT is involved in oxidative
interaction, but is independent of esterification activity. Based on these findings, they
concluded that LCAT can still detoxify oxLDL even when it has lost its ability to
esterify cholesterol.

The above studies clearly demonstrate that LCAT has an important role to play
in reducing the risk of atherosclerosis. This is achieved by maintaining the free
cholesterol gradient towards the liver while producing CE-HDL, as well as by limiting
the damage that can be caused by products of oxidation.
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Fig. 1.2: The role of LCAT in reverse cholesterol transport.
Cholesterol is taken up by lipid-poor apoA-I from peripheral cells via ABCA1 (red) and forms
nascent, discoidal HDL. As cholesterol continues to be sequestered, LCAT esterifies it at the
surface of the particle. The CEs then move to the core to form mature, spherical HDL. Upon
reaching the liver, HDL is taken up via SR-BI (green) in the hepatocyte cell membrane.
[Adapted  from the website of the Medical University of South Carolina,
http//www.musc.edu/bmt737/spring2001/Andrea]
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1.2.4 THE LCAT GENE

McLean and colleagues were the first to clone and sequence the LCAT gene in
1986 [101,102]. They found that the gene contains 6 exons separated by 5 introns and
spans about 4.2 kilobases (accession number XO4981). A year later it was mapped to
chromosome 16q22 by Azoulay et al. [103]. The gene leads to the production of
mRNA approximately 1550 bases long, which encodes the 416 amino acid protein,
expressed mainly in the liver, but also in the testis and brain in small quantities [104].
Insights into the LCAT promoter have been provided by Hoppe and Francone [104a]
who found that transcription factor Spl activates the human LCAT promoter, while
the level of Sp3 may be important in determining the transcriptional activity of the
promoter in vivo. Additionally, Feister et al. [104b] found that interleukin-6 induces
activation of the LCAT promoter.

Regulation of LCAT gene expression is not well understood but some studies
show that changes in LCAT mRNA levels are detectable with varying conditions. For
example, Staels et al. [105] examined the effect of hormones and hypolipidaemic
drugs on rat hepatic LCAT expression, factors that are known to affect lipoprotein
metabolism. They found that hepatic LCAT mRNA levels fell after treatment with
fenofibrate and that regulation appeared to be at a transcriptional level, while no
change was seen in the testis or brain. This demonstrates regulation which is also
tissue-specific. Ethinyloestradiol, L-thyroxine, hydrocortisone, probucol, simvastatin
and nicotinic acid had no apparent effect on mRNA levels. Later studies showed that
TGF-p and TNF downregulate LCAT expression, suggesting a role for cytokines in
the regulation of LCAT levels in plasma during acute physiological states [106,107].

The greatest amount of literature concerning the LCAT gene describe clinical
states of LCAT deficiency. Mutations in the LCAT gene present in two main forms:
familial LCAT deficiency (FLD) and fish-eye disease (FED), both rare diseases (only
about 60 patients with FLD and 20 patients with FED have been identified
worldwide), and both transmitted in an autosomal recessive manner [108]. FLD was
first reported in 1967 in a Norwegian family [109] and manifests itself clinically with
corneal opacities, anaemia, proteinuria and renal disease. Blood profiles of these
patients reveal low or undetectable LCAT levels, markedly decreased cholesteryl
esters in lipoproteins, abnormal lipoprotein patterns and abnormal erythrocytes. A

recent 25 year follow-up of a Canadian family with FLD showed that there were no
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significant vascular changes in the two homozygote family members, but abnormal
lipid profiles and atherosclerotic vascular changes in 9 heterozygotes [110]. The
authors try to explain these findings by postulating that the presence of some LCAT
results in reduced cholesterol efflux but increased levels of esterified cholesterol,
including in LDL, while no LCAT leads to a decrease in RCT but also no

accumulation of cholesteryl esters.

FED was first encountered in two Swedish families [111] and these patients
show no major clinical signs other than corneal opacities. Their LCAT activity is
reduced with HDL substrates, but LDL esterification is unaffected. The genetic cause
for these two diseases is a variety of mutations. Approximately 40 of these have so far
been described and are dispersed over the entire gene (see Table 1-2), making it
difficult to predict the associated biochemical or clinical phenotype [76].

The LCAT deficiency syndromes result in plasma containing mainly nascent
HDL particles due to lack of cholesterol esterification. Nevertheless, very few patients
presenting with LCAT mutations have signs of premature atherosclerosis. The reason
for this is still under investigation, but not enough patients exist with the same

biochemical profile to make any definitive conclusions.

The features of LCAT deficiency have successfully been reproduced in animal
models. Sakai and colleagues [112] produced LCAT knockout mice that showed great
similarity to the picture seen in FLD. They found that their homozygous mice
showed a negligible cholesterol esterification rate, low levels of total cholesterol,
cholesteryl esters, HDL-cholesterol and apoA-I, and increased levels of triglyceride.
VLDL was the lipoprotein particle most in abundance in these animals, and the apoA-
I-containing lipoproteins were cholesterol-poor and mainly of the pre-f variety. On
feeding these mice a high-fat high-cholesterol diet, there was no increase in CE, non-
HDL cholesterol or apoB. This demonstrates that LCAT modulates a diet-induced
lipid response, as shown by the fact that apoB-containing lipoproteins increased in a

dose-dependent manner with increased LCAT activity.

The same team also overexpressed LCAT in transgenic rabbits [113]. Nine
LCAT transgenic and 10 control male rabbits of 5-6 months age were compared. After
17 weeks on a high-cholesterol diet, LCAT activity was 3-fold higher in transgenics
compared to controls, HDL levels were 5-fold higher, and while the total

cholesterol/HDL cholesterol ratio was 12 times increased in controls, transgenic
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rabbits barely had a 2-fold increase. Aortic dissection and staining for lipids revealed
that in controls 35% of the surface was covered in plaque, while only 5% of surface
was affected in LCAT overexpressors. Also interesting is the fact that there was a
dose-response effect in both sets of animals: the higher the LCAT activity, the lower
the extent of atherosclerotic changes. The authors explain these results by the
reduced levels of apoB lipoproteins and increased levels of HDL lipoproteins. The
low apoB lipoprotein levels may in turn be responsible for the reduced endothelial
damage and cellular proliferation. Therefore LCAT overexpression could be an

option for treatment of atherosclerosis in man.

More recently, the human LCAT gene was introduced into Watanabe heritable
hyperlipidaemic rabbits (deficient in the LDL receptor) to investigate the effect of
LCAT overexpression in a model of familial hypercholesterolaemia [114]. Lipoprotein
levels and metabolic studies showed that LCAT appears to modulate LDL
metabolism via the LDL-R pathway and importantly, that LCAT only requires a
single functional LDL-R allele to exert an antiatherogenic effect.

Unlike the work described above in rabbits, overexpression of LCAT in mice
may not provide accurate information that can be equated to a similar situation in
humans. Berard and colleagues [115] found that LCAT overexpression in mice
resulted in the formation of abnormal HDL particles and increased atherosclerotic
changes. The reason for their observations appears to be related to the fact that mice
do not produce CETP, unlike rabbits or humans. The effect of the lack of CETP is that
cholesteryl esters are not exchanged as easily into apoB-containing lipoproteins,
therefore accumulating in HDL and resulting in larger particles with abnormal lipid
and protein composition. This was confirmed in a later study by the same
investigators [116], where LCAT transgenic mice were cross-bred with CETP
transgenic mice with the result that atherogenic changes found in LCAT
overexpressors were reduced, as were the unusual HDL particles. We learn from
these expefiments that when wanting to simulate physiological situations in order to

understand human diseases, choice of animal is very important.

Treatment of LCAT deficiency has begun to appear in the form of gene
therapy. Using adenoviral or retroviral vectors carrying LCAT cDNA [117-119], these
techniques have the potential of reinstituting active LCAT into a setting where LCAT
expression is low or completely absent, although this field is in its early preclinical

stages and has not yet reached human trials.
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MUTATIONS Clinical phenotype References
FLD FED

Homozygous
1. C-insertion (codons 9,10) X

2. P10L X
3. G30S

4. Y83-stop
5. A9T
6

7

8

9

X X X

T123I1 X }72
N131D X
R140H
. Gl41-insertion
10. L209P
11. N228K
12. G230R
13. R244K
14. M252K
15. M2931
16. L300-deletion
17. T321M
18. G344S
19. G34S
20. G-deletion (codon 264)
Heterozygous
. P10Q R135Q X

HKXXXHK XK XK XX XXX

1

2. L132P T321M

3. G33R 30 bpinsertion (codon 4)
4. T83-stop Y156N

5. Ti231 Y144C
6.

7

8

9

o XX

T123]  Intron 4 defect

Ti1231 T347M

T1231  Unknown

R135W A-insertion (codon 376)
10. R147W Unknown
11. G183S A-T subst/C-del (codon 120)
12. M252K N391S X
13. P260-stop
14. T321IM C-deletion (codon 168)
15. R399C C-insertion (codon 9,10)

Polymorphism
S208T

X)X X X

X X X

121
72
72

127

X X X

Table 1-2: Naturally occurring mutations of the LCAT gene.
The mutations that have been identified to date usually present with the clinical features of
either familial LCAT deficiency (FLD) or fish-eye disease (FED), but are rare, with frequencies
of less than 1:10,000 [127]. Only one polymorphism has so far been described, with no
associated pathology.
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1.2.5 GAIN-OF-FUNCTION MUTATIONS

In 1991 Francone and Fielding published a study aimed at clarifying the roles
of the serines at positions 181 and 216 of the LCAT protein [122]. Their interest in the
two sites came after previous experiments showed that when blocking LCAT activity
with [*H]-DFP, label was recovered at residues 181 and 216 [123,124]. Using site-
directed mutagenesis they modified the gene so that amino acid changes from serine
to alanine, glycine or threonine would result, then expressed the mutated gene back
into Chinese hamster ovary (CHO) cells and conducted a variety of tests to compare
the mutated LCAT proteins to wild-type LCAT secreted by the cells. They found that
an ST or G change at position 181 resulted in complete elimination of LCAT
catalytic activity, strongly supporting the idea that Seris; forms part of the active site
of LCAT. Interestingly, in the case of Serz; all mutants retained LCAT activity, and
substitution to alanine resulted in a 14-fold increase in maximal reaction velocity and
significantly increased specific activity. (LCAT activity was determined by following
the rate of production of CE from vesicles containing [*H]-cholesterol, and LCAT

mass was estimated by solid-phase immunoassay using 125I-labelled antibodies.)

Support for these findings came a few years later when Qu et al. [125] studied
these two and several other serine residues to determine whether they influenced
enzyme activity. Again using site-directed mutagenesis, they produced seven serine-
to-alanine mutants at different locations, expressed the LCAT gene in COS-6 cells and
analysed the secreted protein by [3H]-cholesterol activity assays and solid-phase
radioimmunoassays. Of all the results obtained, the most interesting in this context
were the Serxs>Ala (S208A) and Serns>Ala (S216A) mutants. They showed
increased catalytic activities (1.6 and 2 times that of wild-type LCAT, respectively),
that were not seen with the other mutations assayed. An explanation for this
increased activity has not yet been established, but the authors wondered whether the
region in question is involved in phospholipid binding. They considered that alanine
is less hydrophilic than serine, which means that the alanine mutation might facilitate
substrate binding at this site.

To date, only one other mutant form of the LCAT gene has appeared in the
literature that does not hinder the enzyme’s activity (Table 1-3). In rats, amino acid
149 of LCAT is an alanine [128]. The E149A mutation (glutamic acid to alanine) in
human LCAT results in an activation of the enzyme towards phospholipid substrates
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containing arachidonic acid in the sn-2 position [129]. Furbee et al. [130] explain that
an animal model carrying LCAT with this mutation would help understand the
importance of CE fatty acyl composition in preventing atherosclerosis. They therefore
created transgenic mice overexpressing human LCAT with the E149A mutation. On a
chow diet these mice were found to have HDL containing CE enriched in long-chain
polyunsaturated fatty acids. The authors have not yet published atherosclerosis
studies on these mice. Similarly, the S208A and S216A mutations have not yet been
shown to be atheroprotective in vivo, but increased LCAT activity could certainly be
regarded as having the potential to be anti-atherogenic. For this reason, the two
serine-to-alanine mutations were picked for this study, as gene therapy targets that

could promote atheroprotection.

MUTATIONS References MUTATIONS References
Eliminating LCAT activity Not alterating LCAT activity

1. K39A/K42A | 1. SI19A 125

2. R52A/K53A | 2. R52A 126

3. E110Q | 3. R53A 126

4. DI113N | 4. D136N 126

5. RI135A }126 5. SI81A 122

6. R140A [ 6. S383A 125

7. DI145N |

8. RI47W | Increasing LCAT activity

9. RI47A | 1. S208A 122,125

10. S181G 122,125 2. S216A 122

11. S181T 122

Increasing reactivity of LCAT with sn-2

Decreasing LCAT activity arachidonic acid

1. K42A 126 E149A 125

2. R80Q 126

3. R99Q 126

4. S216G 122

5. S216T 122

6. SI19A + N20T 125

7. S225A 125

8. 238A/K240A 126

9. R280A 126

10. R351A 126

11. S383A + N384T 125

Table 1-3: Engineered mutations of the LCAT gene.
A wvaried range of mutations have been created in vitro. They are shown here in groups
according to their effect on LCAT activity. Only two mutations are so far known to increase

LCAT activity, the serine-to-alanine mutations at amino acids 208 and 216.
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1.3 GENE THERAPY

The field of gene therapy aims at preventing or reversing the course of
diseases by manipulating them at the DNA level. Theoretically, this should be
possible, as it has become apparent that all disease processes originate from the
expression of abnormal proteins or from the lack of normal protein expression. The
ideal gene therapy technique would then be able to either insert a functional copy of
the gene in question (gene addition) or correct the faulty gene in situ (gene repair)

with minimal side effects.

Slightly outside the gene therapy realm is the field of gene silencing, which
aims at controlling gene products rather than the gene per se. One of these techniques
uses small interfering RNA (siRNA), which involves post-transcriptional gene
silencing by either degrading or arresting the translation of RNA [131]. An example of
development in this area is as a treatment for chronic myeloid leukaemia, by targeting
a fusion gene that is the product of the Philadelphia chromosome [132]. Antisense
technology involves inhibition of target RNA sequences using oligonucleotides and
has already been used successfully in vivo for the suppression of apoB-100 mRNA in

order to reverse hyperlipidaemia [133].

The development of gene therapy techniques has grown immensely in the last
15 years and has now spread into treatment goals in a variety of medical areas. Up to
the end of 2004, almost 900 different clinical gene therapy trials had been instituted
[134]. Of all the diseases targeted, cancers take the lead, followed by monogenic
diseases such as X-linked severe combined immunodeficiency (X-SCID) and familial
hypercholesterolaemia. Besides these, a whole host of other targets are being
investigated that have not yet reached the clinical stage. The next sections with
explore the various gene addition and gene repair techniques currently being used to

develop disease therapies.

1.3.1 GENE ADDITION

The vectors used to deliver genes to target organs or cells can be broadly
divided into two groups: viral and non-viral. Within each group are various delivery

methods, each with their own advantages and disadvantages regarding transgene
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size limit, expression ability, control ability, stability and safety. The main problem
with viral vectors is the risk of infection or mutagenesis. This is not the case with
non-viral vectors, which do not require the complex proteins of viruses and have the

potential to be produced on a large scale.

1.3.1.1 Viral vectors

The idea to use viruses to introduce DNA into cells came from the fact that
viruses have a natural predisposition to infect and transduce certain cell types. By
replacing specific viral genes with a gene of interest, the virus can be used to
accomplish a goal other than originally intended. In choosing a viral vector, ideally it
should be able to deliver an adequate amount of therapeutic gene with the least
toxicity. With regards to vector toxicity, many problems have to be overcome, both
on the level of cellular immunity (response against the transduced cells) and humoral
immunity (response against the therapeutic gene product). Additionally, there is the
potential for insertional mutagenesis by the vectors that integrate into the genome
and the possibility that there will be inadvertent transmission of vector sequences into
germ cells, both factors that need to be taken into consideration, but are difficult to
control at this stage of general knowledge of viral mechanisms. Practically, the choice
of vector should depend on the size of the insert required, the cells intended to be
targeted, the number of cells targeted ideally, and whether short-term or long-term
expression is required. Table 1-4 summarizes the features of some of these delivery

methods.

The greatest proportion of viral gene therapy trials use retroviral vectors [134].
This is because the sequence arrangement makes it easy to design a retroviral vector
and these vectors are good at integrating into host cell chromatin. Additionally, the
technique of pseudotyping, involving the replacement of the env gene with that of
another virus, allows interaction of retroviral particles with other receptors and thus
expands the host range [135]. On the negative side, productive transduction depends
on rapid target cell mitosis, which limits the use of retrovirus to haematopoietic
progenitor cells or lymphocytes [136]. Retroviral vectors can also transform cells by
integrating near a cellular proto-oncogene and causing inappropriate expression, or
by disrupting a tumour suppresser gene. The most successful use of a retroviral

vector has been in targeting mutations in the common gamma chain gene to treat the
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X-linked form of severe combined immunodeficiency (X-SCID) in children [137]. To
illustrate the risks associated with use of these vectors, in this case there was
activation of the oncogene LMO?2, associated with leukaemia [138], in three of the 11
treated patients [139] almost three years following treatment. Therefore, there are
serious safety issues that need to be addressed in the use of viral vectors as gene

therapy techniques.
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1.3.1.2 Non-viral vectors

Despite some successes with viral gene therapy and the continued ambition to
cure diseases using this method, non-viral gene delivery is an attractive alternative
because it circumvents many of the problems associated with the use of viruses. The
advantages of using a non-viral system are low immunogenicity, infinite capacity, no

infectious or mutagenic capability, and the possibility of large scale production.

Plasmids

The use of naked plasmids as a means of delivering genes is attractive because
they are poorly immunogenic, relatively cheap to produce and to a high purity, and
are expressed episomally, thus preventing insertional mutagenesis from occurring.
Plasmids can be directly injected into muscle or attached to gold for particle
bombardment into tissue. They can produce prolonged low levels of expression, as
was demonstrated by injection of an apoE plasmid into apoE(-/-) mouse skeletal
muscle [164] with resulting reduction in markers of atherosclerosis. Plasmid delivery
is also being developed into vaccines, for example against HIV [165], as they have the

advantage of being unaffected by pre-existing immunity.

Sleeping beauty transposons

DNA transposons are natural, nonviral elements that can move a specific
DNA segment from one genetic location to another by a cut-and-paste mechanism.
Sleeping Beauty (SB) is a transposon constructed from inactive transposon fossils found
in fish genomes to use in vertebrates [166]. SB has the highest activity of all
transposons that can be used in vertebrates. Its structure consists of a gene that codes
for transposase flanked by terminal inverted repeats containing binding sites for the
transposase. The transposase gene can be replaced by any DNA sequence up to
approximately 10 kb. The therapeutic gene can be delivered alongside the
transposase gene on the same plasmid, on a separate plasmid, or transposase can be
delivered in protein form at the same time as the plasmid. SB transposons can be

delivered by a viral method, but most of the work already done with this technique
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has been by plasmid transfection or injection. This is a new gene therapy method, but
several studies have found successful integration and long-term expression of the
gene in question [167-169]. In order to avoid further transposition of an inserted gene,
it will probably be important in future studies to deliver transposase as protein rather
than DNA, as SB is only able to move when exogenous transposase is supplied. This
technique may have a place in the future of gene therapy, but safety issues will have
to be addressed, as gene integration in unwanted locations leading to dangerous

activation/inactivation may occur just as with viral vectors.

1.3.2 GENE EDITING

Viral gene therapy works by introducing a gene into a cell, while most non-
viral methods alter genes in situ, as we will see below. This means that the gene is left
as it was in terms of interaction with regulatory elements. The studies conducted in
this thesis were accomplished using RNA/DNA oligonucleotides (chimeraplasts) or
modified single-stranded oligonucleotides (SSONs). These will be discussed in

Section 1.3.3, but first two other gene modifying methods will be touched upon.

1.3.2.1 Small fragment homologous replacement (SFHR)

SFHR uses single-stranded or double-stranded DNA fragments homologous
to a genomic or episomal target to mediate homologous exchange intracellularly
[170]. The exact mechanisms that lead to this ability to induce nucleotide change are
still unclear, but the method is flexible in that it can direct insertion, deletion or
alteration of up to 4 bp at a time. The potential of SFHR has led to studies in cystic
fibrosis research, where so far correction of the cystic fibrosis conductance regulator
(CFTR) gene by insertion of 3 bp has been successful in up to 10% of treated human
epithelial cells in vitro [171]. Two other diseases that have shown the benefit of using
this technique are sickle cell anaemia (caused by a point mutation in the human p-
globin gene) [172] and Duchenne’s muscular dystrophy (caused by a point mutation
in the mdx gene) [173], though in both cases correction frequencies were low.

Although this method seems to have many positive points, a possible setback could
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be if self-annealing of the single-stranded molecules occurred resulting in double-

stranded DNA that randomly integrated into the genome [174].

1.3.2.2 Triplex-forming oligonucleotides (TFOs)

DNA triplexes are formed when a purine-rich DNA duplex binds with a
single-stranded oligonucleotide through hydrogen bonds in the major groove of the
DNA helix. When a third strand is present, DNA loses its flexibility along with its
ability to recognise proteins. TFOs can therefore be used to direct nuclease cutting in
specific locations [175] or induce mutations [176] in the genome. They are also able to
inhibit mRNA synthesis, which could lead to their use in the treatment of cancers
[177]. The problems associated with TFO use are low stability, their dependence on
polypurine target sequences, and susceptibility to nucleases. At this point in time
TFO technology is in the in vitro stage, but the future could see drug development
based on the technique. Recent analysis of the human genome for TFO susceptibility
has found that these sites are common and many contain single nucleotide
polymorphisms (SNPs) [178], opening up many possibilities for controlling gene

expression and correcting SNP-related diseases.

1.3.3 GENE EDITING WITH CHIMERAPLASTS AND SSONS

1.3.3.1 Chimeraplasty background

Chimeraplasts are oligonucleotides of roughly 50 to 90 nucleotides, though in
most published studies a 68-mer length is used. They are mainly DNA, with short
RNA segments, and are able to hybridize with a target gene location to mediate the
correction of single-base mutations in situ. The technique of chimeraplasty first made
its appearance in 1996, when it was shown to mediate correction in the human
alkaline phosphatase gene [179]. Development of the chimeric RNA-DNA
oligonucleotide originated from studies into homologous recombination by the same
group. While looking at the optimal conditions required by the RecA protein to
promote recombination, they came to the conclusion that 50 to 72 bases of sequence
homology were necessary for RecA-mediated changes to occur. Then in order to try

to reduce the number of bases required, the use of RNA was examined. Results
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obtained pointed towards the ability to form stable joint molecules with only 15 bases
of shared homology if a chimeric RNA/DNA hairpin was used. The RNA element in
the oligonucleotide also proved to be more resistant to RNase H digestion than

oligonucleotides made of DNA alone [180].

Whereas the first published success using chimeraplasts targeted an episomal
gene transiently transfected into CHO cells, the publication that quickly followed
targeted a gene in its natural position. This study used a chimeraplast to mutate the
B-globin gene in lymphoblastoid cells of a patient with sickle cell anaemia. The in
vitro experiment was analysed by RFLP and sequencing, and produced up to 50%

base conversion from T to A [181].

A year later, hepatocytes were shown to be amenable to targeting by
chimeraplasty when the human hepatoma cell line HuH-7 was used in order to
mutate the alkaline phosphatase gene again. Confocal microscopy of cells transfected
with fluorescently-labelled chimeraplast showed a clear migration of the
oligonucleotides into the nucleus after 24 hours. Colony lift hybridization analysis
showed an initial conversion of 37% when cells were transfected with 150 nM of
chimeraplast, with an increase to 43% with 300 nM of chimeraplast, indicating a dose-
dependent response. The authors also treated the same cells with a chimeraplast that
targets the 3-globin gene, to prove that a gene need not be transcriptionally active in
order for chimeraplasty to work [182].

The first in vivo use of chimeraplasty appeared in 1998 to target the factor IX
gene (associated with haemophilia) in rats. In vitro work showed that using
lactosylated polyethylenimine (lac-PEI) as a delivery vehicle into primary hepatocytes
can create a higher conversion rate at lower chimeraplast doses. Tail-vein injections
of 350 pg chimeraplast showed a 40% conversion 5 days post-injection when
delivered with lac-PEI. The conversion created here changed the wild-type gene to a
mutated variant, which codes for a faulty factor IX with diminished coagulation
properties.: After in vivo chimeraplasty, coagulation activity decreased by at least 50%
in the treated rats, demonstrating that the changes created by chimeraplasts are
evident at the genotypic as well as phenotypic level [183].

A nice example of success in creating a clear phenotypic change using
chimeraplasty is in a publication demonstrating targeting of the tyrosinase gene,

responsible for the production of melanin, in albino melanocytes. Here the point
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mutation to convert cells back to black pigmentation is immediately apparent, with
further analysis serving as confirmation of the mutation at the genomic level. Treated
cells were cloned and were able to keep the phenotypic change for over 3 months, and
the genotypic change for 15 passages, showing that this was a stable and inheritable
mutation [184].

The first doubts as to the true capabilities of chimeraplasty appeared with a
publication by a Swedish group, who claimed to have targeted 6 different human
genes and one canine gene with 42 chimeraplasts of varying size and composition,
with no lasting success. On PCR analysis they report a 2-10% conversion with one of
their targets after the first 3 days of treating cells, but a disappearance of the
conversion after 14 days. Allele-specific PCR resulted in a 5% conversion, with
inability to confirm this by cloning or sequencing. The group’s worry was whether
the unstable conversion they observed was actually a PCR artefact created by the
chimeraplast’s presence, possibly still near its target sequence even after DNA

purification from cells [185].

Although this may well be a possibility, Kren et al. were careful to show that
no PCR artefacts were responsible for their results by sequencing the start and end-
points of their PCR product to show that they corresponded exactly to those of the
primers and not of the nondegraded chimeraplasts. On the other hand, the stability
of these chimeric oligonucleotides was demonstrated early on, in the first paper
published on the subject [179]. The authors transfected cells with the chimeric
oligonucleotides, then isolated them by lysing the cells with detergents and
proceeding to a phenol/chloroform extraction, followed by separation on
polyacrylamide gels. They managed to show that the chimeraplast is a very stable
molecule and is still intact after being subjected to the above treatment. This would
indicate that PCR reactions performed on DNA purified from chimeraplast-treated
cells probably contain intact chimeraplast in the reaction mix. Our laboratory has
shown that there is no evidence that chimeraplasts serve as PCR templates and thus

are not able to lead to artefactual indications of gene correction [186].

Nevertheless, chimeraplasty work continued to appear, with possible uses in
dermatology, against hyperbilirubinaemia, against Duchenne’s muscular dystrophy
and in agriculture targeting plant cells [187-190]. However, no studies have been
reported in which chimeraplasty was used in the cardiovascular field, until the

publication by our group of chimeraplasty to target the apolipoprotein E (apoE) gene.
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The study showed that a SNP which had mutated the apoE3 genotype to apoE2 was
sensitive to reversal by chimeraplast action, and produced both genotypic and
phenotypic changes in vitro, confirmed by RFLP, sequencing, and isoelectric focusing.
Preliminary results showed that the apoE2->E3 chimeraplast was also successful in
vivo by intraperitoneal injection into mice [191]. Table 1-5 summarises the main

chimeraplasty work to date.

1.3.3.2  Structure and activity of chimeraplasts

Chimeraplast structure consists of an oligonucleotide with a 5" end that is all-
DNA and matches the sequence of the target, with the mismatch correction at its
centre. This DNA segment is followed by four thymidines allowing the molecule to
bend. Next is a 2’-O-methyl RNA segment which is the homologous targeting region,
with at its centre 5 DNA nucleotides corresponding to the mutator site. Further
downstream is a GC-rich clamp (to increase nuclease resistance) bridged by another
four thymidines, followed by a nick which allows swivelling of the chimeraplast,
allowing it to coil with its target double-stranded DNA. The design of the
chimeraplast molecule allows it to become self-complimentary and fold into a double-

hairpin (Figure 1.3A).

Mismatch repair is thought to occur in two stages. It is believed that the first
step involves the alignment of the chimeraplast with its homologous DNA target by
interaction with recombinase proteins. The cell’s repair machinery would then notice
an unusual structure when it reached the genomic target region, which would set off
the sequence of events that would exchange nucleotides to repair the mismatch,

possibly involving hMSH?2, a protein involved in mismatch repair [192].

Gamper and colleagues [193] published the most comprehensive study into
the relationship between chimeraplast structure and function, in order to try to
understand why some targets are repaired at higher frequencies than others. By
structurally modifying an oligonucleotide created to mutate the neomycin
phosphotransferase gene, they came to some interesting realisations about the
importance of certain features of these chimeric molecules. They found that initiation
of the process probably involved heteroduplex formation between the DNA strand of
the chimeraplast and the complementary strand of the target gene. The DNA strand

then serves as a template for mismatch repair. They also found that some mismatches
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are repaired more efficiently than others; for example, a G-G mismatch is repaired

better than a C-C mismatch.

By modifying the RNA content of the chimeraplast, Gamper demonstrated
that this modulates the frequency of gene correction. They showed that an all-DNA
oligonucleotide had half the activity of one containing 2’-O-methyl RNA in the
homologous targeting region. The RNA region is believed to provide stability for the
whole structure when hybridized with the target DNA. The length of the
homologous region was also examined, with the conclusion that detectable repair
activity requires at least 16 bp of homology, but that increasing the length also

increases activity.

Further insight into the mechanisms involved in gene repair mediated by
chimeraplasts was gained by assaying gene conversion in Saccharomyces cerevisiae
yeast strains deficient in members of the RADS52 epistasis group [194]. These genes
are involved in homologous recombination and repair. The study showed that RAD1
and RAD59 are required for gene conversion whereas RAD52 actually suppresses
gene correction. Investigations also revealed that RAD51 has a role in strand pairing,
as reduction of this protein decreased strand pairing activity [195]. It is also believed
that a double-dfsplacement loop structure is formed when chimeraplasts interact with
their target [196] and that RAD51 may stabilize this structure. The importance of this
protein was confirmed in chimeraplasty studies that used cells overexpressing
RADS5]1, where correction efficiencies were increased [197]. This fact could provide a

useful addition to chimeraplasty protocols to improve gene correction activity.
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Target gene Publication Target cells Mutation Analysis Results
methods
Human alkaline Yoon et al. [179] Recombinant A->G (...ACACC...) | Histochemical | 30%
phosphatase CHO cells staining, Hirt | conversion
DNA probing | at1l nM
chimeraplas
t
Kren et al. [182] Huh-7 cells As above Colony lift 37%
hybridisation, | conversion
sequencing at 150 nM
Human B-globin Cole-Strauss et al. Lymphoblas- T>A (...TGIGG...) | PCR-RFLP, 50%
[181] toid cells sequencing conversion
at1.34 nM
Rat factor IX Kren et al. [183] Primary rat A->C (...ATAGT...) | Colony lift 19%
hepatocytes (in hybridisation, | conversion
vitro + in vivo) coagulation in vitro (270
studies nM)
>50%
decrease in
coagulation
in vivo
Mouse tyrosinase | Alexeevetal.[184] | Melan< cells C->G (...CTCTA...) | Microscopy 15%
for colour conversion
change, PCR- | at440nM
RFLP,
sequencing,
Western
blotting
Plant acetolactate | Beetham et al. [190] | Tobacco plant C>A/T(...GCCAC Cell selection, | Positive on
synthase . cells .2 sequencing sequencing
Kanamycin Cole-Strauss et al. Plasmids in E. G->C (...TAGGA...) | Colony counts | Maximum
[192] coli on plates, ~0.1%
PCR-RFLP conversion
Tetracyclin As above As above A>T (...CTAGG...) | Asabove As above
Plant Zhu et al. (1999) Maize cellsin | GDA (...AAGTC...) | PCR-RFLP Mutation
acetohydroxyacid | Proc. Natl. Acad. vivo C3G (....CCG...)) frequency
synthase Sci. USA 96, 8768- - 10+
8773
Rat UDP- Kren et al. [188] Rathepatocytes | A>G (.. TGAAA...) | Filter lift Conversion
glucuronosyltrans hybridisation, | 15.3%
ferase sequencing
Dog dystrophin Bartlett et al. [189] Dog skeletal G-2>A (...TCGGG...) | RT-PCR, Repair
muscle in vivo Western positive for
blotting 48 weeks
Human apoE Tagalakis et al. Recombinant T>C (...AGIGC...) | PCR-RFLP, 37%
[171] CHO cells and sequencing conversion
rat in vivo at 400 nM

Table 1-5: Genes successfully targeted by chimeraplaty.
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1.3.3.3  Gene repair with single-stranded oligonucleotides

The observations of Gamper and colleagues [198] that the all-DNA strand of
the chimeraplast directs the repair event led them to consider whether a solitary DNA
strand might function efficiently without the remaining sequences. Using cell-free
extracts to correct a mutation in the gene conferring kanamycin resistance, the group
tested various short (25 nt) molecules and found that an all-DNA construct was one
fifth as active as the traditional chimeraplast. When phosphorothioate linkages were
added to the 3’ and 5 ends of the molecule to increase resistance to nucleases,
correction activity was up to 3.7 times higher than for the chimeraplast. The same
study also showed that these single-stranded oligonucleotides (SSONs) can repair
deletion mutations successfully, and this was confirmed in a later study [199].
Additionally, optimisation of SSON length found 74 nt and 6 phosphorothioate
linkages to result in the most active molecules (Figure 1.3B).

Another interesting development into SSON function is that they have strand
bias. When comparing modified SSONs that are designed to hybridise with the
transcribed strand or the non-transcribed strand of a target sequence, repair of the
non-transcribed strand is up to 50 times greater. This is believed to reflect the fact
that RNA polymerase is more active on the transcribed strand of DNA. Therefore the
SSON targeting the transcribed strand gets displaced by the polymerase more readily
than the SSON targeting the non-transcribed strand [200]. This hypothesis was
supported by showing strand bias when targeting a transcriptionally active gene.

Work continues into the mechanisms involved in gene repair, and with the
prospects of developing efficient gene therapy tools, methods to improve SSON
activity are the most interesting. Several gene repair enhancers have been suggested:
camptothecin, an anticancer drug that promotes DNA breakage at replication forks
[201]; 2',3’-dideoxycytidine to elongate the S phase [202]; or overexpression of Rad51

[203]. All these have been shown to increase correction frequencies.

Th(; potential of SSONs as a gene therapy modality is obvious, but to date it
has only been shown to correct a mutation in the gene responsible for Huntington’s
disease [204], and the PB-globin and y-globin genes to treat sickle cell disease [205],
both in an in vitro setting. It will be interesting to see in the future whether this

technology is exploited to its fullest potential and reaches clinical applications.
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1.3.4 GENE DELIVERY METHODS

Up to this point, we have looked at the different gene therapy strategies that
currently exist. Taken all together, whether viral or non-viral, the objects that mediate
this therapeutic method are DNA molecules, from large plasmids to very short
oligonucleotides. ~The manner of delivering these molecules to their target
cells/ organs also varies largely. Naked DNA has been used to inject into muscle [206]
and directly applied to liver, epidermal, and tumoral cells [207-209], and results in
low level gene expression the purpose of which was immunisation. This simple
method may be useful for the development of DNA vaccines, but its limitation is that
it can only be used for local administration and not for injection into the general
circulation, where it would be degraded in plasma. Therefore, other methods of gene
transfer are necessary to assure better delivery and target specific organs. Below are

several of these methods.

1.3.41 Mechanical gene delivery

Electroporation uses short high-voltage pulses to create transient hydrophilic
pores in the cell membrane, thus allowing DNA molecules to enter the cell [210]. Itis
most commonly used to transfect bacteria, but is finding a place in gene therapy, with
in vivo gene transfer reported in skin [211], muscle [212], and liver [213] amongst other
tissues. The advantages of electroporation are the relative low cost and low safety
risk, as well as the ability to target a specific treatment site, which is not possible with
a systemic injection. On the negative side, electroporation appears to have an
immunogenic effect and causes decreased vascular flow to the targeted area [200].
Possibly better would be the method of delivering DNA using ultrasound. This
recently developed technique uses short periods of ultrasound exposure after DNA
injection to enhance uptake, and has been shown to increase expression of transgene
by up to 10 times [214] in vitro. The advantage of ultrasound is its safely, confirmed by
its wide use over the last few decades as an imaging modality, and it would therefore

be suitable for in vivo gene delivery.

Microparticle bombardment was first developed in 1987 in order to deliver

genes to plant cells [215]. Originally the particle propellant was gunpowder, but the
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current method is to use DNA-coated gold particles in what is known as the “gene
gun.” The particles are small enough to pass through the cell membrane. Once inside
the cell, the DNA disassociates from the gold particles and can make its way to the
nucleus. An example of recent use of this method for gene transfer is to introduce
dystrophin cDNA into skeletal muscle of mice with muscular dystrophy. Although in
vitro expression was sustained for 60 days [216], only transient transfection was found
when the same technique was used in vivo. Some positive points to using the gene
gun are the ability to deliver DNA of variable size, cell-receptor independent delivery,
and the possibility to repeat administration. Nevertheless, unless the technique is
used directly on skin, cells would have to be transfected ex vivo from any other

internal site, complicating matters.

Microinjection is another method that does not allow in vivo applications other
than into embryos, but the great advantage here is that DNA can be introduced
directly into the cell nucleus. This eliminates the problems associated with reactions
of the organism to a systemically introduced vector and degradation of the vector in
plasma or inside the cell. This technique is widely used for delivering genetic
material to many types of cells [217-219], including embryonic stem cells, where it will
in the long run probably be of most use as a gene therapy delivery tool.

1.3.4.2 Chemical facilitation of gene transfer

One of the most common methods for transfecting cells with DNA is using
calcium phosphate precipitation. DNA forms complexes with calcium phosphate,
allowing endocytosis while protecting the DNA from degradation before its entry into
the cell. The problem with this technique is that investigation into its action showed
that over 50% of internalised DNA gets degraded in the cytoplasm before even
reaching the nucleus, where less than 10% was found [220]. It is therefore not ideal
as a gene delivery agent on its own. Nonetheless, Hasan and colleagues [221] showed
that transf.ections combining calcium phosphate with pre-treatment of cells with
chloroquine can increase transfection efficiencies by up to 20 times. This is because
chloroquine is believed to neutralise lysosomal enzymes by raising the pH and
therefore protects internalised DNA from degradation. Nevertheless, though it does
improve gene delivery, this study showed a best efficiency of only 0.2%.
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Cationic lipids such as (N-[1-92,3-diolyloxy)propyl]-N,N,N-
trimethylammonium chloride, 1,2-dioleoyl phosphatidylethanolamine (DOPE) or N-[-
1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl sulphate (DOTAP)
work as DNA carriers because of polar heads that are protonated at physiological pH.
By forming vesicles they surround DNA molecules (making lipoplexes), their amine
groups binding electrostatically to the phosphate groups of DNA. These reagents can
be injected intravenously, but end up mainly in the lungs [222]. To circumvent this,
the addition of polyethylene glycol (PEG) diverts the DNA-liposome complexes away
from the lungs [223]. Although able to protect DNA on its travels to target organs,
there have been reports of cell toxicity with these formulations [224].

Another class of delivery agents are the cationic polymers. Examples of these
are diethylaminoethyl dextran (DEAE-dextran), poly-L-lysine, and PEI. These
carriers can have a linear or branched backbone and vary in degree of protonation at
physiological pH. The condensing ability of cationic polymers is independent of
DNA length or molecular weight [225]. To some extent, the cell type that is
transfected is a factor in choosing the most efficient polymer, possibly because of the
different nature of the plasma membrane and endosomes of each cell line [226].
Though many polymer formulations exist, the most widely used of this class of
reagents is PEI and this was the reagent of choice for the experiments performed in

this thesis.

1.3.43 Polyethylenimine (PEI)

PEI has been used for many years outside the biomedical field, for example in
the production of shampoos and paper. It exists in two forms: linear and branched,
and in both the structure is such that every third atom is an amino nitrogen, which
confers the protonability of the reagent. The usefulness of PEI, as with other cationic
polymers, comes from its ability to condense DNA for gene delivery. Each amine can
bind a DNA phosphate, and at physiological pH only some of them are protonated
[227]. This feature makes PEI more efficient than other polymers as a gene delivery
agent. PEI is described as being a “proton sponge,” because when the pH of
endosomes becomes acidic it captures protons causing osmotic swelling that leads to

endosomal rupture and release of carried DNA into the cytosol [228].
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Further evidence of the mechanisms of PEI's action as a delivery agent was
provided by a study that tracked the course of fluorescently-labelled PEI and plasmid
DNA after transfection by confocal microscopy [229]. The time course for uptake of
PEI/DNA complexes into cytoplasmic vesicles appeared to be about 3 h. The
complexes then either stay there or are dispersed in the cytoplasm following vesicular
rupture. At 3.5 h fluorescence begins to appear in the nucleus, and interestingly the
DNA at this point is still associated to PEI. A more recent study [230] tried to
elucidate what happens to PEI/DNA complexes in the nucleus and showed that the
presence of PEI attached to template DNA does not impair transcription.

PEI is able to transfect a variety of cell lines [231] both in vitro and in vivo
[228,232]. The excess of positive charges present in PEI/DNA complexes is very
useful for targeting cells in vitro because the positive charge allows binding to the
anionic cell surface [233]. At the same time, this advantageous property leads to
problems when the reagent is used in vivo. The complexes induce erythrocyte
aggregation [234] and interact with albumin, fibrinogen and the complement. When
injected intravenously, most of the complexes end up in the lungs [235], probably
because complex aggregates get trapped in pulmonary capillaries. As mentioned in
Section 1.3.4.2, in order to avoid the entrapment in the lungs, PEG can be used to coat
polyplexes and mask the surface charge [236]. Although adding PEG does help to a
certain extent, it also reduces PEI’s ability to bind DNA and the interactions between
PEI/DNA complexes and target cells are diminished, resulting overall in less efficient
gene delivery [237]. To overcome this problem, cell-specific ligands can be used.

In order to target a specific organ or type of cell, knowledge of receptors on
that cell can be exploited in order to use receptor-mediated endocytosis instead of the
non-specific electrostatic interactions of regular PEI/DNA complexes. Various
ligands have been found to target complexes specifically, in the form of sugar
residues, peptides, proteins or antibodies. Galactose has been used to target the
asialoglycoprotein receptor of hepatic cells [238], mannose the mannose receptor on
macrophages [239], transferrin the transferrin receptor [240] and epidermal growth
factor (EGF) the EGF receptor on tumour cells [241], amongst others.

One other interesting PEI conjugate which has recently appeared is melittin-
PEI. Melittin is a peptide derived from bee sting venom with membrane lytic activity
[242]. It was conjugated to PEI in order to enhance transfection efficiency. Most

transfected PEI/DNA complexes get trapped in cytoplasmic endosomes, but the
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presence of melittin releases the complexes so that more can reach the nucleus, as well
as enhancing transport into the nucleus. Delivery efficiency in vitro was shown to
increase from 10% to 40% in the presence of melittin-PEI rather than ordinary PEIL.
The use of PEI and its various conjugates continues, with promising advances [243-

245] that will hopefully lead to successful gene transfer in human therapies.
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14 AIMS OF THE THESIS

Gene therapy for atherosclerosis is still in its infancy. There are many possible
targets, though few investigations have currently arrived to the clinical trial phase.
Two main categories exist in treatment approach. The first aims to influence the
coronary and peripheral vasculature by delivering anti-atherogenic genes locally. The
other uses a systemic approach to modulate the expression of circulating proteins
associated with atherosclerosis, such as LCAT. LCAT-related research has so far only
used gene addition strategies for LCAT-deficient states and to illustrate the effects of

overexpression in transgenic animals.

LCAT has important atheroprotective functions: it promotes cholesterol efflux
from peripheral tissues into HDL, enhances uptake of CE by the liver, and functions
as an antioxidant for LDL. Section 1.2.5 discussed two point mutations in the LCAT
gene that have been shown to increase the enzyme’s activity, therefore possibly
amplifying its anti-atherogenic properties. Then we saw in Section 1.3.3 that a
technique called chimeraplasty can introduce point mutations to genes in situ. Taken
together, these two elements can be combined to create a form of gene therapy that

promotes atheropfotection.
Building on the above, the aims of my thesis were:

Aim 1: To generate a recombinant cell line expressing LCAT with a double mutation -
Ser208Ala and Ser216Ala, and to assess the relative activity of this LCAT variant
compared to wild-type LCAT and LCAT with just the Ser216Ala mutation.

Aim 2: To optimise transfection efficiency for delivery of chimeraplasts by comparing
PEI and its conjugates as delivery agents using a chimeraplast that mutates the APOE
gene, a validated target for chimeraplasty. Delivery efficiency would be analysed by
measuring uptake of chimerplast into the nucleus by FACS and gene correction by
RFLP.

Aim 3: To transfect a hepatoma cell line, HepG2, with chimeraplasts and SSONs
directed at the LCAT gene sites Ser208 and Ser216 in order to mutate these sites to
alanines using optimal gene transfer conditions. If this is successful, to go on to clone

the mutated cells and analyse the mutated LCAT for increased enzymatic activity.
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Chapter 2 -

Materials and Methods
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MATERIALS

Plasmid vectors containing the LCAT cDNA were kindly provided by Dr. D.
Vinogradov (Royal Free & University College Medical School, London, UK). The
vector from which the LCAT-IRES-apoE sequence was taken was generously
provided by Dr. T. Athanasopoulos (Royal Holloway University of London, Egham,
Surrey, UK). All oligonucleotide primers were made to order by Sigma Genosys
(Cambridge, UK). Pfu Turbo DNA polymerase was purchased from Stratagene
(Cambridge, UK). Calf intestinal alkaline phosphatase and T4 DNA ligase were
obtained from Promega (Southampton, UK). Methanol, ethanol, diethyl ether,
chloroform, hexane, and glacial acetic acid were bought from BDH Laboratory
Supplies (Poole, UK). Ecoscint A scintillation fluid was bought from National
Diagnostics (Leicestershire, UK). All other reagents, unless otherwise stated in the
text, were obtained from Sigma-Aldrich Company Ltd. (Poole, UK).

EXPERIMENTAL METHODS

21 MOLECULAR BIOLOGY

2.1.1 GEL ELECTROPHORESIS

Gel electrophoresis is a simple, yet very useful method of visualising DNA
molecules [246]. When DNA is placed in a matrix of agarose or polyacrylamide and
a current is applied, the DNA migrates through the porous matrix towards the
positive pole. The size of the pores in the gel determines the mobility of the DNA
through it. By increasing the concentration of the agarose or polyacrylamide, the
average pore size is decreased and larger DNA molecules will therefore stop moving
earlier. This leads to separation of DNA fragments when a mixed sample is applied
to the gel. Agarose is used for separating fragments of DNA ranging in size from a
few hundred base pairs to about 20 kb, while polyacrylamide gels are more useful for
separating smaller fragments. The bands of DNA in the gel are stained with
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ethidium bromide, an intercalating dye, and can be seen as fluorescence when the gel

is illuminated with ultraviolet (UV) light.

In this thesis, agarose gels were made up in Tris-borate ethylenediaminetetra-
acetate (TBE) buffer [100 mM Tris, pH 84, 90 mM boric acid, 1 mM
ethylenediaminetetra-acetate (EDTA); diluted from a 10x stock (Life Technologies,
Paisley, UK)] as shown in Table 2-1, boiled in a microwave for about 2 minutes to
dissolve the agarose, cooled to about 50°C, after which 0.1 pg/ml ethidium bromide
was added before pouring into a cast. Once set, gels were placed in a minigel tank
(Horizon, Life Technologies) and covered in TBE buffer. Samples were mixed 9:1
with 10x concentrated loading buffer [10 mM Tris-HCI, pH 7.5, containing 50 mM
EDTA, 10% (w/v) Ficoll 400, 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene
cyanol FF] and loaded into the wells. The samples were run in parallel with 1-2 pg of
a1kb or 100 bp DNA ladder (Life Technologies) to help estimate DNA fragment size.
A voltage of 150 V was applied to the gel until the bromophenol blue reached
approximately 2 cm from the bottom of the gel. Gels were then viewed immediately

and photographed on a UV light box.

% agarose | g agarose/100 ml buffer | fragment size resolved

0.8 0.8 5-10kb
1 1 1-6kb
2 2 200 bp - 1kb

Table 2-1: Agarose gel electrophoresis.
Commonly used concentrations and the DNA molecule sizes that can be visualised at that

concentration. The buffer used was 1x TBE.

The polyacrylamide gels used in this thesis were precast Novex 20% TBE-
polyacrylamide gels (Invitrogen, The Netherlands) that were run in a vertical tank
(Mini-cell Xcell II gel tank; Invitrogen). Samples were mixed 4:1 with 5x
concentrated Novex High-density TBE sample buffer (Invitrogen) [18 mM Tris base,
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18 mM boric acid, 0.4 mM EDTA (free acid), 3% Ficoll 400, 0.02% (w/v) bromophenol
blue, 0.02% (w/v) xylene cyanol FF] and a maximum of 35 pl sample loaded per well.
The gel was immersed in 1x TBE buffer and a 200 V current was applied until the
bromophenol blue reached the bottom of the gel. Gels were then stained in 1x TBE
buffer containing 0.1 pg/ml ethidium bromide for 5 min before being visualised and
photographed.

For resolving oligonucleotides, TBE-urea gels were used. These are similar to
the ones described above, but are denaturing, therefore appropriate for the separation
of single-stranded oligonucleotides or RNA. Precast gels were used (Novex TBE-urea
gels; Invitrogen) to visualise chimeraplasts in order to have an indication of whether
structures were intact. A single band of the correct size (68 or 80 nt) suggests that the
chimeraplast molecules are not degraded, whereas degradation appears as a smear.
The concentration of gel used was 15%, as this is optimal for visualising
oligonucleotides as small as 20 nt. Electrophoresis was achieved by mixing 100 pmol
of chimeraplast 1:1 with Novex TBE-urea 2x concentrated sample buffer [45 mM Tris
base, 45 mM boric acid, 1 mM acid free EDTA, 6% (w/v) Ficoll 400, 3.5 M urea,
0.005% (w/v) bromophenol blue, 0.025% (w/v) xylene cyanol], then heating the
sample to 96°C for 10 min before loading into the gel. The gel was then placed in a
vertical tank, immersed in 1x TBE buffer and a current of 150 V was applied for 1 h.
The gel was stained in 1x TBE buffer containing 0.1 pg/ ul ethidium bromide for 5 min
before visualising by UV.

2.1.2 EXTRACTION OF DNA FROM AGAROSE GELS

Following manipulation of DNA by PCR (Section 2.1.3) or restriction digestion
(Section 2.1.4), the resulting fragments were frequently extracted from agarose after
visualisation under UV light, in order to proceed to restriction digests or ligation into
plasmids. The QIAquick Gel Extraction kit (Qiagen, Crawley, UK) was used to
extract bands from agarose. DNA was cut out of the gel over UV light using a scalpel.
The gel pieces were weighed and 3 volumes of the kit's QG solution were added to
every volume of gel (i.e. 3 ul per mg gel). To solubilise the gel, sample and solution
were heated at 50°C for 10 min, then vortexed. Once all the agarose had dissolved,
one volume of 100% (v/v) isopropanol was added for every volume of gel to

precipitate the DNA, then the sample was transferred to a QIAquick spin column and
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spun at 24,000 g for 1 min to bind the DNA to the column. The flow-through was
discarded and the column washed with 750 pl of the kit's PE buffer and centrifuged
again for 1 min. The column was then transferred into a clean 1.5 ml microtube, 30 pl
deionised water was added to the column, left for 1 min, and the DNA was eluted by

centrifugation for 1 min.

DNA concentration was determined by measuring the absorbance at 260 nm
(A260) using a spectrophotometer (UVIKON 930, Kontron Instruments, Hertfordshire,
UK) and the following equation:

DNA concentration (pg/ml) = Ao x dilution factor x 50 pg/ml

2.1.3 POLYMERASE CHAIN REACTION (PCR)

PCR is a process by which a specific sequence of DNA can quickly be
amplified to great quantities [247]. The reaction uses two oligonucleotide primers
flanking the DNA sequence to be amplified that hybridize to the opposite strand once
the DNA had been denatured. DNA polymerase then proceeds to synthesize new
DNA between the two primers, which can in turn hybridize with the primers to yield
more copies of the target region. The reaction goes through repeated cycles of heat
denaturation, primer hybridization, and extension, so that an exponential amount of

DNA is quickly synthesized.

In the course of my work, two genes were examined by PCR: LCAT and
APOE. For LCAT, the region that was amplified encoded the amino acid 208 and 216
sites targeted by chimeraplasty. Two sets of primers were designed based on
sequences from database accession numbers X04981 and NM_000229, one to amplify
the region from genomic DNA (primers “S208A genomic”), the other from cells
containing LCAT cDNA (primers “S208A cDNA”) The cDNA primers were necessary
because one of the genomic primers hybridizes within an intron and would therefore
not be of use for studying LCAT cDNA. Figs. 2.2 and 2.3 show the amplification
regions and RFLP patterns obtained. Optimization of annealing temperature was
achieved by using a heating block that can run a gradient of temperatures
(RoboCycler 40 Gradient Cycler, Stratagene). For each of the two primer pairs
annealing temperatures of 58-62°C were tried. For apoE (accession number

NM_000041), the primers used analysed the region that showed the genotypic
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differerence between apoE2/apoE3 and apoE3/apoE4 (primers “TF, TR") (Fig. 2.4)
~ and the cycling conditions had already been previously established [191].

The primer sequences are shown in Fig. 2.1. Table 2-2 shows the optimal PCR
conditions used for each primer pair. PCR reactions were set up in 0.5 ml tubes and
volumes made up to 50 ul using DEPC water. All PCR analyses included a negative
control (containing DEPC water instead of the DNA template) to ensure that no DNA

contaminated the master mix.

S208A genomic primers:
Forward: 5 - AGGAGATGCACGCTGCCTA -3

Reverse: 5- CCCAGGATCAGCTTGGTCT -3

S208A cDNA primers:
Forward: 5 — AGGAGATGCACGCTGCCTAT -3
Revetse: 5 - TCTTTCAGCTTGATGCTGGA -3

ApoE primers:
TF: 5 - TCCAAGGAGCTGCAGGCGGCGCA -3

TR: 5 - ACAGAATTCGCCCCGGCCTGGTACACTGCCA -3

Fig. 2.1: Sequences of the primers used in this thesis for RFLP analyses.
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Fig. 2.2: PCR-RFLP for analysis of LCAT genomic DNA.
The LCAT gene (accession number X04981) is represented above with boxes for its six exons.
The S208A genomic primers amplify a 240 bp fragment that encodes the 208 and 216
targeting areas. To look for a mutation at the 208 site, the PCR fragment is digested with
Muwol. Wild-type LCAT DNA produces two restriction fragments, while with the S208A
mutation an additional restriction site appears resulting in three digest fragments. Similarly,
for analysis at the 216 site, digest with Cfol results in two fragments for wild-type LCAT and
three fragments when the S216A mutation is present due to the appearance of a new digest
site. Restriction sites are indicated by stars. The digest sites in parentheses refer to those

present only if the mutations are present.

65



1 2 3. 4 5 6
A \

ila e
S208A cDNA + S208A cDNA -

229 bp PCR fragment

)—79 bp— % — Obp— *—F———— 101bp —‘ S208A mutation

Mol (MwoI)
— 85bp — * — 68bp —* 76 bp —  5216A mutation
o (o)

Fig. 2.3: PCR-RFLP for analysis of LCAT cDNA.
The S208A cDNA (accession number NM_000229) primers amplify a 229 bp PCR fragment
contanining the 208 and 216 codons. The 208 site is analysed by digest of the PCR fragment
with Mwol. Wild-type LCAT appears as two digest products, while the S208A mutation adds
a second restriction site (in parentheses) resulting in three restriction fragments. For the 216
site, the pattern is similar after digest with Cfol, where the S216A mutation adds a second

restriction site. Digest sites are indicated by stars.
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Fig. 2.4: PCR-RFLP for APOE analysis.
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The primers TF and TR amplify a region within the fourth exon of the APOE gene (accession
number NM_000041) that contains all three genotype sites: apoE2, apoE3 and apoE4,
resulting from variations at amino acids 112 or 158. In order to distinguish between them,
digest of the 230 bp PCR product with Cfol results in restriction fragments that vary for each
genotype. In each case, the two largest digest products are diagnostic: for apoE2 fragments of
91 and 83 bp, for apoE3 91 and 48 bp, and for apoE4 72 and 48 bp. The sizes of the remaining

fragments are in grey. TF: forward primer, TR:reverse primer.
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S208A genomic S208A ¢cDNA TF, TR

PCR conditions:

e Denaturation 95°C, 1 min 95°C, 1 min 96°C, 1 min

¢ Annealing 62°C, 1 min 58°C, 1 min 62°C, 1 min

e Extension 72°C, 1 min 72°C, 1 min 72°C, 1 min

e No. of cycles 35 35 40
Reaction mix (50ul):

¢ DNA 100-500 ng 100-500 ng 100-500 ng

e 10x reaction buffer Sul 5ul 5ul

¢ Each primer (10 pM) Sul 5pl 25ul

e dNTPs (10mM) 0.25 ul 0.25 ul 0.5 ul

e DMSO --- - 5ul

o  Pfu Turbo (2.5U/ul) 1pl 1pl 1ul
PCR product size 240 bp 229 bp 230 bp

Table 2-2: PCR conditions.
PCR optimal programs and reaction quantities for the three primer pairs used in the work
presented. Reaction buffer was supplied with the polymerase (Pfu Turbo). Reactions were
made up to a final volume of 50 yd with DEPC water and overlaid with mineral oil to prevent
evaporation. S208A-genomic, S208A cDNA and TF,TR are the three sets of primers used for
amplification from LCAT genomic, LCAT cDNA and apoE templates respectively.

2.1.4 RESTRICTION DIGESTION

This method of cutting double-stranded DNA by wusing restriction
endonucleases was vital in the present work for creating the expression vectors that
would make recombinant cell lines, and for restriction fragment length polymorphism
(RFLP) anaiysis of experiments (see Figs. 2.2 to 2.4). Restriction endonucleases are
enzymes of bacterial origin that are able to cleave DNA at specific recognition sites.
Hundreds of these enzymes have been identified so far, each with its own recognition
sequence [248]. For the purposes of gene manipulation, an appropriate enzyme can

often be found for a specific location where cleavage is required.
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DNA was digested with various restriction enzymes, listed in Table 2-3. In
general, DNA was placed in a 0.5 ml microtube with 1x reaction buffer (provided by
the manufacturer with the enzyme), BSA if required by the specific enzyme, deionised
water to make up to a set final volume, and the enzyme added last. No more than
10% of the total reaction volume was made up of enzyme in order to avoid star
activity. (Star activity is enzymatic cleavage at a site similar but not identical to the
defined recognition sequence of that enzyme, occurring during unfavourable reaction
conditions.) The tube was then incubated in a water bath at the appropriate
temperature for that enzyme for at least 1 h. Digests were then either viewed

immediately by agarose gel electrophoresis or stored at -20°C.

2.1.5 PLASMID DEPHOSPHORYLATION

Before ligating fragments of DNA to a linearised plasmid to form a circular
vector, dephosphorylation of the vector is necessary in order to remove the 5'-
terminal phosphate groups. The purpose of dephosphorylation is to avoid both
recircularisation of the vector without insertion of the DNA fragment and plasmid
dimer formation. This was achieved with calf intestinal alkaline phosphatase (CIAP;
Promega). Following the manufacturer’s recommendation, the amount of CIAP
required for the reaction was calculated based on the fact that 0.01 units of CIAP are

required per pmol ends. To calculate the pmol ends, the following formula was used:

pmol ends = (pg plasmid / kb length plasmid) x 3.04 [249]
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Enzyme Recognition sequence Incubation | Supplier and buffer
temperature used
BamHI 5 -GYGATCC -3 37°C Promega
3 -CCTAG.G -5 Buffer E
Cfol 5 -GCGYC-%¥ 37°C Sigma
3 -CaGCG -5 Buffer SM
Dpnl 5 - GmeAYTC -3 37°C Stratagene
3 -CTme,AG -5 * Universal buffer
Dralll 5 - CACNNNYGTG - 3’ 37°C New England
3" - GTGANNNCAC - 5 = Biolabs
Buffer 3
EcoRI 5 - GYAATTC -3 37°C Promega
3’ -CTTAALG-¥% Buffer H
HindIII 5 - AYAGCTIT -3’ 37°C Promega
3 -TTCGALA -5 Buffer E
Mwol 5 - GCNNNNNYNNGC - 3’ 60°C New England
3’ - CGNN.NNNNNCG - 5 Biolabs
Mwol buffer
Ndel 5 -CAYTATG - 3% 37°C Promega
3’ - GTAT.LAC-5% Buffer D
Notl 5" - GCYGGCCGC - ¥ 37°C Promega
3" - CGCCGG.CG -5 Buffer D

Table 2-3: Restriction endonucleases.

List of enzymes used in this thesis and their activity conditions. Symbols ¥ and a indicate the

restriction location. * Dpnl requires Ng-methylation of the adenine residue for activity. **

Dralll requires the addition of 1 ug/ml BSA to the reaction mix.
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The required amount of plasmid was incubated with the CIAP and 10x
reaction buffer (diluted in deionised water) at 37°C for 30 min. The same amount of
CIAP was then added again and incubation was continued for a further 30 min. The
reaction was stopped by adding 2 pl 0.5 M EDTA and incubating at 65°C for 20 min.
The plasmid was then purified by ethanol precipitation (see Section 2.1.6),
resuspended in deionised water, and then stored at -20°C, following estimation of its

concentration by ODz.

2.1.6 ETHANOL PRECIPITATION

This is a method of cleaning up and concentrating DNA that has previously
been treated with enzymes. In the course of my work, ethanol precipitation was
carried out on plasmids following enzyme treatment. This was achieved by adding
1/10 of the DNA volume of 3 M sodium acetate (pH 5.2) and 2.5 times the combined
volume of ethanol. The reagents were mixed and left overnight at -20°C, then
centrifuged at 24,000 g for 10 min at 4°C. The supernatant was removed, the pellet
washed with 100 pl 70% (v/v) ethanol and centrifuged again for 15 min at 4°C.
Ethanol was removed and the pellet allowed to air-dry for several min, then the DNA

was resuspended in the appropriate volume of water.

2.1.7 PLASMID LIGATION

Ligation of linearised plasmid and DNA insert was accomplished using T4
DNA ligase (Promega). Quantities of vector and insert were calculated using the

following formula:

ng insert = (ng vector x kb insert) / kb vector x ratio (insert/vector)

In general, two insert/vector ratios were tried: 3/1 and 1/1. The reaction mix
consisted of vector, insert, 10x ligation buffer supplied with the enzyme (diluted with

deionised water) and the ligase in a total volume of 10 pl. Ligation reactions were
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either incubated at room temperature for 4 h or left at 4°C overnight, and could be

“used for transformation into bacteria immediately or stored at -20°C.

2.1.8 SITE-DIRECTED MUTAGENESIS

Site-directed mutagenesis is a technique used to specifically alter a given base
in a cloned DNA sequence. Several methods exist using cassettes, oligonucleotides,
or PCR. In this case a commercial kit was used: the QuikChange XL Site-Directed
Mutagenesis Kit (Stratagene). The method starts by using Pfu Turbo DNA
polymerase to replicate both plasmid strands, extending from oligonucleotides
primers that contain the required mutation. This results in nicked circular DNA
strands. The original strands are then digested with Dpnl, a restriction enzyme that
recognises methylated DNA, such as plasmid DNA originating in E. coli bacteria.
Finally, the new plasmid is transformed into XL-Gold ultracompetent cells
(Stratagene), where the nick in the mutated plasmid is repaired. Specifically, the
mutagenesis kit was used to create the T>G mutation that produces the S208A amino
acid change in a plasmid already containing LCAT with the S216A mutation:
pLCATHBS216A. This plasmid is a pUC18 vector into which LCAT ¢cDNA was
cloned using Hindlll and BamHI restriction enzymes.

The sequences of the mutagenesis primers are:
MUT208+ : 5" - CGCTTTATTGATGGCTTCATCGCTCTTGGGGCTCC - 3’
MUT208- : 5’ - GGAGCCCCAAGAGCGATGAAGCCATCAATAAAGCG - 3

The underlined bases represent the mutation. The primers were designed following
the kit's recommendations that they should be 25 to 45 bases long with a melting
temperature (Tm) 2 78°C, calculated using the formula: Tm = 81.5 + 0.41(%GC) -
675/N - % mismatch, where N is the primer length in bases. Also recommended was
that there should be correct sequence for 10-15 bases on either side of the mutation, a
minimum GC content of 40%, and that the primer should terminate in one or more C
or G bases. Several quantities of plasmid template and various elongation times were
tested for the PCR reaction. Table 2-4 shows the optimal reaction mix and cycling

conditions.
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The cycling product was then immediately digested with 10 u of Dpnl for 1 h

at 37°C. Ten microliters of the digest was run on a 1% agarose gel in parallel with

linearised pLCATHBS216A (digested with BamHI) to compare plasmid size. Once it

was established that the cycling was successful, the remaining digest product was

stored at 4°C until ready to transform into bacteria.

Reaction volumes
DNA (10 ng/pl) 3ul
10x Pfu Turbo buffer S5ul
Primer MUT208+ (4 mM) 3ul
Primer MUT208- (4 mM) 3pul
~ dNTPs (10 mM) 1pul
Deionised water 34 pul
Pfu Turbo polymerase (2.5 u/ul) 1pul
Final volume 50 ul
Denaturation Annealing Elongation
95°C for 30 sec 55°C for 1 min 68°C for 14 min

Table 2-4: Site-directed mutagenesis temperature cycling.

Optimal reaction volumes and cycling conditions. Cycling was started with 30 sec at 95°C

followed by 12 cycles of denaturation-annealing-elongation.
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2.1.9 BACTERIAL TRANSFORMATION

After cloning DNA into a vector, the resulting plasmid can be amplified in
quantity by insertion into competent bacterial cells so that they will be replicated by
the host's DNA synthesising machinery. Competence is a state in which bacteria are
able to take up recombinant DNA vectors more easily, and can be induced by

treatment with ice-cold calcium chloride solutions and brief heating [250].

All recombinant vectors in this thesis were transformed into DH5a E. coli,
provided by Dr. A. Manzano (Royal Free & University College Medical School,
London, UK) except for the plasmid resulting from site-directed mutagenesis, which
was transformed into XL-Gold ultracompetent cells provided with the mutagenesis

kit (Section 2.1.8), following the manufacturer’s instructions.

Competent cells were thawed on ice and 50 pl used for each transformation.
Between 20 and 50 ng of ligation mixture were placed in a cold 1.5 ml microtube, the
competent cells were added and the tube left on ice for 1 h. The cells were then
heated at 42°C for 90 sec and quickly cooled on ice for 5 min. Next 125 ul of LB broth
were added to the tube and the bacteria were left to incubate at 37°C for 1 h with
shaking at 200 rpm.\ The mixture was then spread onto LB agar plates containing 100
pg/ml ampicillin to select for transformants. The plates were left at room
temperature for 1h, then turned upside-down and incubated in a 37°C incubator
overnight. All transformed plasmids included ampicillin resistance and therefore
only bacteria containing the transformed DNA would be resistant and could grow on
the plate.

To analyse the transformation, colonies were picked from the plate and each
colony injected into a 20 ml tube containing 6 ml LB broth with 100 pg/ml ampicillin.
The tubes were then incubated at 37°C with shaking at 200 rpm overnight. These
cultures were then used to extract plasmid for analysis by restriction digests and
sequencing, to determine whether the correct recombinant plasmid was contained in

individual colonies.

Once the success of the cloning and transformation was established, bacterial
clones were prepared for indefinite storage in glycerol. Tubes containing 200 pl of

glycerol were sterilised by autoclaving and 800 ul of a 10 ml overnight culture was
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added per tube. The stocks were stored at -80°C and could be used again by
- spreading onto LB plates and incubating at 37°C.

2.1.10 PLASMID EXTRACTIONS

For small-scale plasmid preparations, the Wizard Plus SV Minipreps DNA
Purification System (Promega) was used. Plasmids were extracted from 6 ml
overnight culture by first pelleting the bacteria by centrifugation at 24,000 g for 5 min,
then suspending the pellet in 250 pl cell resuspension solution [50 mM Tris-HCl, pH
7.5,10 mM EDTA and 100 pg/ml Rnase A]. This was followed by the addition of 250
ul cell lysis solution [0.2 M NaOH and 1% (w/v) sodium dodecyl sulphate (SDS})],
mixing by inversion of the tube 4 times, and incubating until the solution became
clear. Then 10 yl of alkaline protease solution was added to inactivate endonucleases
and other proteins released during lysis, the tubes were inverted 4 times to mix and
incubated at room temperature for 5 min. Next, 350 pl of neutralisation solution [9.04
M guanidine hydrochloride, 0.759 M potassium acetate and 2.12 M glacial acetic acid,
pH 4.2] was added, the tubes inverted 4 times and the mixture centrifuged at 24,000 g
for 5 min to remové cell debris. To purify the DNA, the cleared lysate was decanted
into spin columns sitting in 2 ml collection tubes. The columns were then spun for 1
min and the flow-through discarded from the collection tubes. Next, 750 pul of column
wash solution [60% (v/v) ethanol, 60 mM potassium acetate, 8.3 mM Tris-HCl and
0.04 mM EDTA] was added to the columns and spun for 1 min. The flow-through
was discarded and washing was repeated with 250 ul column wash solution, again
spinning for 1 min. The DNA was then eluted by placing the column in a clean 1.5 ml
microtube, adding 100 pl deionised water to the column and centrifuging for 1 min.
Plasmids could then be stored at -20°C.

Larger-scale plasmid extractions were prepared using the EndoFree Plasmid
Maxi kit (Qiagen). This kit has the ability to extract up to 500 ug of endotoxin-free
plasmid DNA, ready to use for transfection into cells. Plasmids were extracted from
bacteria resulting from 100 ml overnight culture, following the manufacturer’s
instructions. The process has the same principle as described for small-scale
preparations, except that cell lysates are cleared by passing though a special filter that
reduces endotoxin levels instead of by centrifugation, and includes a step of

incubation with an endotoxin removal buffer.
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2.1.11 CHIMERAPLAST PREPARATION

Three LCAT chimeraplasts were synthesized commercially by MWG-Biotech
(Ebersberg, Germany) and one was produced by Eurogentec (Herstal, Belgium). They
were delivered in solid form, with the manufacturer’s advice for the volume of water
in which to dissolve the pellet to give a working concentration of 100 pmol/pl. One
fluorescent apoE chimeraplast was produced by MWG-Biotech, with a 5" fluorescein
tag, and was delivered already in liquid form at a concentration of 100 pmol/pl. The
chimeraplasts were dissolved in RNase/DNase-free distilled water and batched into
20 pl aliquots to avoid repeated freezing and thawing, and stored at -80°C. All
handling of chimeraplasts was performed inside a class II microbiological safety
cabinet (Envair Ltd., Lancashire, UK) to avoid oligonucleotide degradation. An
aliquot of each of the LCAT chimeraplasts were then taken for measurement of the
OD20, in order to compare the determined oligonucleotide concentration to the one
stated by the manufacturer. Concentrations were calculated in both pg/pl and

pmol/ pl using the following formulas:

Conc. (ug/ul) = OD2xo x 30 pg/pl x dilution

OD2s x 100 x dilution

Conc. (pmol/ul) =

(154 x A) + (0.75 x G) + (1.17 x C) + (0.92 x T)

where A, G, C and T are the number of each of the four nucleotides adenine, guanine,
cytosine and thymidine respectively in the chimeraplast. The second formula was
provided by MWG-Biotech and is used by the company to calculate oligonulceotide
concentrations. Table 2-5 summarises the synthesised oligonucleotides and their

manufacturer.
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Chimeraplast Length Manufacturer
LCAT S208A 68-mer MWG-Biotech
LCAT S216A 68-mer MWG-Biotech
LCAT S216A 80-mer MWG-Biotech
apoE3->E2 (5'-fluorescein) 68-mer MWG-Biotech
LCAT S216A 68-mer Eurogentec
LCAT S216A 68-mer Oswel

Table 2-5: List of oligonucleotides synthesised for chimeraplasty studies.
MWG-Biotech produced two 68-mer and one 80-mer LCAT chimeraplast, as well as a
fluorescent apoE chimeraplast. Following experimental difficulties, a further 68-mer LCAT
chimeraplast was produced by Eurogentec. Due to the poor synthesis quantity, its sister

company Oswel produced another identical chimeraplast.

2.1.12 DNA SEQUENCING

All automated fluorescent sequencing reactions were carried out by Cytomyx

Sequencing Service (Cambridge, UK) using primers produced by Sigma Genosys.
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2.2 PROTEIN DETECTION

2.2.1 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS-PAGE)

The principles of protein electrophoresis are the same as described for DNA
electrophoresis (Section 2.1.1). The polyacrylamide matrix acts in the same way with
proteins, but in this case the detergent sodium dodecyl sulphate (SDS) is added in
order to remove the proteins’ secondary and tertiary structures and coat the proteins
with negative charges. This allows the molecules to be separated by their molecular
weights. In the work presented here, protein electrophoresis was used to detect
LCAT (63 kDa) or apoE (34 kDa). Both were separated on pre-cast Tris-glycine 4-20%
gradient Novex gels purchased from Invitrogen. These gels have an increasing
acrylamide concentration through the gel, thus allowing a wider range of molecular
weights to be covered on the same gel compared to a single percentage gel, as well as

producing sharper protein bands.

The sample was mixed 3:1 with 4x SDS-PAGE sample buffer [200 mM Tris-
HCI, pH 6.8, 8% (w/v) SDS, 0.2% (w/v) bromophenol blue and 20% (v/v) glycerol].
Beta-mercaptoethanol was added to a final concentration of 2% (v/v) to break
disulphide bonds in the proteins, followed by heating at 95°C for 5 min to denature
the proteins. The broad range molecular marker (6-175 kDa; New England Biolabs,
Hertfordshire, UK) was also heated. The wells of the pre-cast gels were first rinsed
with distilled water, then with running buffer [25 mM Tris, pH 8.3, 192 mM glycine
and 0.1% (w/v) SDS]. Samples and marker were then loaded into the gel. The
electrophoresis chamber was filled with 1x running buffer, which was diluted from a
10x stock (National Diagnostics). Current was applied to the Mini-cell Xcell II gel
tank (Invitrogen) following the manufacturer’s instructions. The gel was removed
when the dye front reached the bottom of the gel and, after removal from its plastic

cassette, was either Coomassie stained or used for Western blotting.

78



2.2.2 COOMASSIE STAINING

This is a method of easily visualising proteins that have been separated by
electrophoresis. Coomassie blue reacts with any protein and has a sensitivity of 0.1-
0.5 pg protein per band [251]. After electophoresis, a gel can be stained by immersion
in a container holding enough Coomassie stain [0.25% (w/v) Coomassie brilliant blue
R-250, 50% (v/v) methanol and 10% (v/v) glacial acetic acid] to cover the gel. The gel
is stained at room temperature with shaking for at least 30 min. Excess stain is
removed by washing the gel with destain [30% (v/v) methanol and 10% (v/v) glacial
acetic acid] several times. Finally, the gel is washed in distilled water and dried using
the GelAir Drying Frame (Bio-Rad, Hemel Hempstead, UK).

2.2.3 PURIFIED PROTEIN QUANTIFICATION

Purified protein was quantified using the BCA Protein Assay Kit (Perbio
Science Ltd, Cheshire, UK). The principle behind this kit is the biuret reaction
(reduction of Cu?* to Cul* by protein in an alkaline medium). When two molecules of
bicinchoninic acid (BCA) chelate with one cuprous ion, it produces a purple-coloured
reaction with a strong absorbance at 562 nm that is nearly linear with increasing

protein concentrations up to 2 mg/ml.

Using bovine serum albumin (BSA) as a standard, a series of dilutions were
prepared in triplicate alongside the samples to be quantified, to a total volume of 100
pl. The BCA reagent was prepared according to the manufacturer’s instructions, and
then 1 ml was added to each sample and incubated at 37°C for 30 min. The samples
were transferred to disposable plastic 1 ml microcuvettes and the absorbance was
read at 562 nm (ODss) using an Uvikon 930 spectrophotometer (Kontron
Instruments). A graph was plotted of the ODs¢ versus the concentrations of the BSA

dilutions and used to extrapolate the concentrations of the test samples.

2.2.4 PREPARATION OF SAMPLES FOR WESTERN BLOTTING

In this thesis, Western blotting was used to detect production of apoE or

LCAT by recombinant CHO cells carrying the genes coding for these proteins.
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Conditioned media was prepared in the same way for all cell lines tested. Cells were
grown in 75 cm? flasks in their maintenance medium (see Section 2.3.1) to 80%
confluency. They were washed in warmed PBS and incubated for 24 h in serum-free
maintenance medium. The conditioned medium was then spun at 300 g for 3 min to
remove cell debris and concentrated 40 x using Vivaspin concentrators (Vivascience,
Hannover, Germany) with a 30,000 kDa MW cutoff by centrifugation at 2,500 g for
approximately 20 min. The concentrated medium was then batched into small

aliquots and stored at -20°C.

2.2.5 WESTERN BLOTTING

Once proteins in a sample have been separated by electrophoresis, the size of
the proteins in the sample is evident but no more information is available when a
mixture of proteins is present in the sample. Western blotting is a method of picking
out a specific protein on a gel by probing it with a radioactive or enzymatically-
labelled antibody. In this thesis, only enzymatically-labelled antibodies were used.
Following gel separation, the proteins are transferred to a nitrocellulose membrane,
and the protein biriding sites on the membrane are blocked with excess protein. The
membrane is then exposed to the specific primary antibody. Excess unbound
antibody is washed away before the secondary antibody is added. This secondary
antibody is directed against the primary antibody and labelled with horseradish
peroxidase (HRP), an enzyme required for detection of the protein. After washing
away excess secondary antibody, chemiluminescence is used to visualise the target
protein. Using the ECL Western Blotting Detection Kit (Amersham Biosciences,
Buckinghamshire, UK), the chemical reaction of luminol being oxidized by HRP
results in the emission of light at a wavelength of 428 nm, detectable by exposure to
blue-light sensitive autoradiography film.

Transfer of protein from gel to solid support was achieved by using Hybond
ECL nitrocellulose membranes (Amersham Biosciences) and 3MM absorbent paper
(Whatman International, Maidstone, UK) using a wet method. For each transfer, one
membrane and two sheets of paper, all cut to the same size as the gel, were pre-
soaked in transfer buffer [25 mM Tris, pH 8.3, 192 mM glycine and 20% (v/v)

methanol]. They were then stacked in the following order:
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CATHODE PLATE
layer of absorbent paper
polyacrylamide gel
nitrocellulose membrane

layer of absorbent paper
ANODE PLATE

The Novex Western Transfer Apparatus (Invitrogen) was used and the transfer
sandwich placed in the centre of the Xcell II Blotting Module (Invitrogen) surrounded
by pre-soaked sponges. The module was filled with transfer buffer and the blot run
for 1h at a constant current of 72 mA. After the transfer, the membrane was blocked
in a solution of PBS-T [138 mM NaCl, 10 mM Na,HPOy, 1.75 mM KH.POy, 2.7 mM
KCl and 0.05% (v/v) Tween 20] and Marvel milk powder. The membrane was
immersed in the solution and left on a shaker at room temperature for 1 h or at 4°C
overnight, followed by a wash in PBS-T for 10 min on a shaker. The primary antibody
was then added and left to incubate for 1 h at room temperature (Table 2-6), followed
by three 10 min washes is PBS-T. The secondary antibody was added, again
incubating for 1 h at room temperature (Table 2-5), followed by three 10 min washes
in PBS-T. The membrane was developed using ECL substrate, following the
manufacturer’s instructions (Amersham Biosciences), secured in a film cassette and

exposed to X-ray film (Hyperfilm ECL, Amersham Biosciences).

The mouse anti-human LCAT monoclonal antibody was obtained from sub-
clones of LCAT hybridomas kindly provided by Dr. T. Jowell (Monoclonal Antibody
Unit, Windeyer Institute of Medical Science, University College London, UK). This
was done by growing the cells to confluency in RPMI media supplemented with 1%
pyruvate, 0.5% Hepes, 0.5% penicillin (100 U/ml) and 0.5 % streptomycin (100
pg/ml), in two 75 cm? flasks and keeping the cells for 2-3 weeks at 37°C with CO;
until the cells were near dead (demonstrated by the loss of round morphology and
adherence to the flask). Media from the cells was then centrifuged at 400 g for 3 min

to remove cell debris and the supernatant concentrated 50x to be used as antibody.

The goat anti-human apoE polyclonal antibody was purchased from

Biogenesis and the secondary antibodies from Sigma.
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Antigen LCAT apoE
1° antibody Mouse anti-human monoclonal Goat anti-human polyclonal
dilution 1:20 1:2,000
buffer 3% (w/v) BSA/PBS 5% (w/v) milk/PBS-T
2° antibody Sheep anti-mouse HRP Rabbit anti-goat HRP
dilution 1:5,000 1:50,000
buffer 10% (w/v) milk/PBS-T 5% (w/v) milk/PBS-T

Table 2-6: Immunoblotting.
Details of antibodies used for Western blotting of LCAT and apoE proteins. BSA: bovine

serum albumin. PBS: composition as for PBS-T but without Tween 20.

2.2.6 SCANNING DENSITOMETRY FOR LCAT QUANTIFICATION

As no other method existed at the time (such as ELISA) for quantifying the
protein, LCAT production by recombinant CHO cells was estimated by producing
Western blotting autoradiographs of various known quantities of pure LCAT (kindly
provided by Dr. S. Schepelmann, Royal Free & University College Medical School,
London, UK) [252] and LCAT from conditioned media. The pure LCAT was a
histidine-6-tagged LCAT molecule with purity checked by SDS-PAGE. Using a
scanning densitometer (Bio-Rad Imaging Densitometer Model GS-670), a standard
curve could be produced of the pure protein band densities. This curve was then
used to extrapolate quantities of secreted LCAT also present on the same
autoradiograph. The local background was subtracted from each of the values and

the mean ‘adjusted volume’ was calculated by the densitometer.
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2.3 CELL CULTURE

CHO¢dfr- is a hamster ovary cell line that lacks the dihydrofolate reductase
(DHFR) gene. This enzyme catalyses the conversion of dihydrofolate to
tetrahydrofolate in the chain of reactions that produces thymidylate (dTMP), one of
the essential building blocks of nucleotides. Plasmids transfected into these cells to
produce LCAT all contain the DHFR gene, therefore only cells that have taken up the
plasmid survive in media deficient in hypoxanthine and thymidine (HT). CHO-
LCATwr cells, secreting the wild-type LCAT protein, and CHO-LCATsxea cells,
secreting LCAT containing the S216A mutation, were both provided by Dr. D.
Vinogradov (Royal Free & University College Medical School, London, UK). CHO-
LCAT2wm cells, secreting LCAT containing both S208A and S216A mutations, were
produced as described in Sections 2.1.8 and 2.3.4. CHO-LE3 cells (containing the
LCAT gene with a small APOE insert) were produced as described in Section 2.3.4.
These cell lines are based on CHOdhr- cells.

CHO-K1 cells are the wild-type CHO cell variety expressing the DHFR gene,
and were used to produce the CHO-EIL cell line (containing both LCAT and APOE
full-length cDNAs). The human hepatoma cell line HepG2 was used for
chimeraplasty experiments. CHOdhr, CHO-K1 and HepG2 cells were acquired from
the European Collection of Animal Cell Culture (ECACC, Wiltshire, UK), with
ECACC numbers of 94060607, 85051005, and 85011430, respectively.

2.3.1 CELL MAINTENANCE

All cells were incubated at 37°C and in a 5% CO, / 95% air atmosphere
(Jencons Millenium CO; incubator, Jencons-PLS). Cells were maintained in either 75
cm? or 175 cm? tissue culture flasks. Cell culture work was performed in a class II
microbiological safety cabinet using disposable, sterile plasticware. Table 2-7 shows

the medium used for each cell line used in this thesis.

All cells were grown as adherent monolayers and passaged upon reaching
near-confluency, approximately every 5 days. This was done by washing the cells in
PBS then incubating them for 3 min with 0.25% (v/v) trypsin-EDTA at 37°C to detach
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the cells, followed by neutralisation of the trypsin with fresh medium. The

‘resuspended cells were then split 1:10.

Cell line Medium Supplements
FBS Glut P/S NEAA HT
CHOudhir- Iscove’s dialysed 1% 1% 1% 2%
modified 10%
DMEM (Sigma)
CHO- as above dialysed 1% 1% 1% -
LCATwr 5%
CHO- as above dialysed 1% 1% 1% -
LCATs26a 5%
CHO- as above dialysed 1% 1% 1% -
LCATwM 10%
CHO-LE3 as above dialysed 1% 1% 1% ---
10%
CHO-K1 Ham’s F12 (Life | 10% 1% 1% - -
Technologies)
CHO-EIL* as above 10% 1% 1% --- -
HepG2 DMEM (Life 10% 1% 1% - -
Technologies)

Table 2-7: Maintenance medium for cell lines used in this thesis.
DMEM: Dulbecco’s Modified Eagle’s Medium. FBS: foetal bovine serum, heat inactivated
(Sigma). Glut: glutamine 2 mM. P/S: penicillin 100 U/ml and streptomycin 100 ug/ml. HT:
hypoxanthine 0.1 mM and thymidine 16 uyM. NEAA: non-essential amino acids. All
supplements were purchased from Life Technologies. *Also received 500 ug/ml G-418

sulphate (Invitrogen) for selection.
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2.3.2 CELL COUNTING AND VIABILITY

When cell counts were necessary before seeding for transfection or to assess
cell viability, this was achieved by using Trypan Blue stain 0.4%. Live cells are able to
pump out the Trypan Blue that they take up, while dead cells are unable to do so,
resulting in their appearance as dark circles. An aliquot of cell suspension was added
to an equal volume of Trypan Blue and pipetted immediately onto a haemocytometer
under a firmly attached coverslip. Cells were counted using an inverted phase-
contrast microscope (Nikon TMS, Jencons-PLS) and averaging the number of cells in
each of eight 1 mm? squares with a total volume of 104 ml. The number of cells was

calculated using this formula:

Cells / ml = (average cell count per square) x dilution / 10+

2.3.3 CRYOPRESERVATION

Stocks of cells were kept for future use by storage under liquid nitrogen. To
do this, a minimum of 106 cells were suspended in 1 ml cell culture medium
containing 10% (v/v) DMSO. The suspended cells were transferred to a 1.8 ml
cryovial (Life Technologies) which was placed in a freezing container (Nalgene Cryo
1°C Freezing Container, Fisher Scientific, Leicestershire, UK) and inserted into a -80°C
freezer. The freezing vessel contains isopropanol and when stored at -80°C the
temperature of the vials decreases by ~1°C every minute. Once the cryovials reach -
80°C they are transferred to liquid nitrogen tanks.

When required, cells were thawed rapidly by dipping a cryovial into a 37°C
water bath, and then quickly transferred to a tube containing 10 ml cell culture
medium. The cells were pelleted by centrifugation at 300 g for 5 min in a bench-top
centrifuge (Heraeus Megafuge 1.0R) and resuspended in fresh medium before being

transferred to a 75 cm2 flask.
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2.3.4 PLASMID TRANSFECTION AND CELL CLONING

In the work presented in this thesis, three new recombinant cell lines were
produced. CHO-LCATzv and CHO-LE3 (see Section 2.3 for description) were made
by transfecting CHO cells with the pXLCATov and pXLE3 expression vectors,
respectively. CHO-EIL cells (described in Section 2.3) were created by transfecting
CHO-K1 cells with the pXEIL expression vector. All transfections were done the
same way. The day before transfection, cells were seeded at a density of
approximately 3 x 105 cells/well in a 6-well plate. The transfections were performed
using linear PEI 22-kDa (Exgen 500, TCS Cellworks, Botolph Claydon, UK) as the
transfection reagent, each well receiving the combinations in Table 2-8. Complexes
were incubated for 10 min at room temperature in 0.5 ml tubes before they were
added to the wells, already containing 0.5 ml Iscove’s medium. The complexes were
incubated with the cells for 5 h, after which 2 ml fresh cell culture medium was added

to each well to dilute the complexes.

Well ) 150 nM NaCl Plasmid Exgen 500 (PEI)
1 made up to 50 pul 2 pg expression 54 pl
plasmid

5 “ p p

3 P p u

4 50 ul - —

5 made up to 50 ul - 5.4 pul

6 “ 2 pg pGFP “

Table 2-8: Plasmid transfection mixes.
Complexes were formed in 0.5 ml tubes by adding the above in the order NaCl —
plasmid — Exgen 500 and mixed by pipetting. The volume of Exgen 500 used was
calculated based on an N:P ratio of 6:1 (see Section 2.3.5 for formula). The plasmid
PGFP contains the green fluorescence protein (GFP) gene and transfected cells
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therefore produce green fluorescence, which can be used as a control of transfection

efficiency.

Twenty-four hours after transfection, the pGFP transfected cells were
observed using an inverted fluorescence microscope (Nikon Eclipse TE200) at 20x
magnification with a NB2EC filter incident light of wavelength 465-495 nm. This
served as a control for the efficiency of transfection with PEI. Wells 1-3 (Table 2-6)
were treated with trypsin-EDTA, and the detached cells pooled, and transferred to a
75 cm? flask. From here on they were given only selection medium. For the CHOdhfr-
transfections this was medium without the HT supplement (see Section 2.3). For the
CHO-K1 transfection, cells were selected by adding 500 pg/ml G-418 Sulfate
(Invitrogen) to the media. G-418 is an antibiotic related to gentamicin, toxic to both
prokaryotic and eukaryotic cells [253]. Resistance to G-418 is conferred by the
presence of a resistance sequence of bacterial origin in the transfected plasmid. The
presence of antibiotic in culture medium creates a selection of only cells that contain
the transfected plasmid with the resistance genes. The cells from wells 4 and 5 were
also pooled and transferred to a 75 cm? flask to serve as a negative control for

selection.

After incuba{tion in selection medium it was expected that cells that had not
taken up the transfected plasmid would die, as should all cells in the control flask.
The resulting cell population could then be used to produce individual clones. A
suspension of selected cells was used to make serial dilutions that were seeded into
96-well plates to a final dilution of 0.5 cell per well. After the cells had adhered, wells
containing a single cell were marked and left for the cells to divide. Once several
divisions had occurred, the clones were trypsinised and transferred to progressively

bigger wells to allow for expansion.

2.3.5 CHIMERAPLAST TRANSFECTIONS USING POLYETHYLENIMINES
(PEIs)

Linear PEI 22-kDa (Exgen 500) is supplied as a ready-to-use solution stored at
4°C. The solution is 5.47 mM in nitrogen residues, and this number helps calculate
the amount of PEI required to transfect a known quantity of DNA, using a formula
supplied by the manufacturers:
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Quantity of PEI (ul) = (equivalents x ug DNA x 3) / 5.47

where an equivalent is the quantity of PEI needed to get one nitrogen - DNA
phosphate grouping, and thus giving the N:P ratio. Chloroquine was obtained from
Sigma in solid form and, after dissolving in PBS to a concentration of 10 mM, was
sterilized by filtration. Branched PEI 800-kDa, Melittin-PEI 25-kDa, Melittin-PEI 2-
kDa, Galactose-PEI 25-kDa, Galactose4-PEI 25-kDa and Transferrin-PEI 25-kDa were
kindly provided by Dr. Manfred Ogris (Ludwig-Maximilians-Universitit, Munich,

Germany).

Transfections of chimeraplasts with linear PEI were performed by first seeding
cells in 12-well plates, 24 h prior to transfection at a density of 1.5 x 105 cells/well.
DNA-PEI complexes were made up by combining chimeraplast, PEI, and 150 nM
NaCl in the order NaCl - chimeraplast - PEI to a volume of 50 ul. Complexes were
left to form for 10 min at room temperature, after which they were added to the cells,
already covered with 200 pl medium. Cells were incubated with the complexes at
37°C for 6 h, after which the medium was removed, the cells washed once in PBS, and
fresh medium added. The cells were left to grow, usually for 24 h, and then
harvested for DNA isolation and RFLP analysis.

For transfections using the PEI conjugates, Table 2-9 shows details of
concentrations of the different PEI conjugates and the calculated amounts required for
transfection. The N:P ratio indicates the number of PEI nitrate groups per DNA
phosphate group that interact to form complexes. HepG2 cells plated the day before
in 24-well plates (5 x 10¢ cells/well) were targeted using this variety of PEls as
transfection reagent and the E3->2 chimeraplast (Section 5.2.1). The medium was
removed from the wells and 100 pl fresh medium containing no FBS (plain medium)
was added to each well. Each of the PEIs and the chimeraplast were combined in 0.5
pl microtubes in a total volume of 100 pl HBS, the mix vortexed, and left at room
temperature for at least 10 min to allow the PEI/DNA complexes to form. Table 2-10
shows the exact quantities used for each experiment. The complexes were added to
the cells, the plates centrifuged for 2 min at 270 g, and the cells incubated at 37°C for
approximately 6 h before the complexes were diluted by the addition of 500 ul FBS-
containing medium to the wells. Cells were harvested 24 h later for DNA extraction
and RFLP analysis. When chloroquine was used, it was added directly to the wells at
a final concentration of 100 pM, 5 min before the addition of the PEI/DNA complexes

to the cells. Each experimental condition tested was usually performed in triplicate.
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Concentration | Concentration pl to use per pg chimeraplast
PEI N+ residues (mg/ml) for N:P ratio of:

(mM) 5:1 7:1 9:1
Linear (22-kDa) 5.47 0.23 2.7 3.8 4.8
Branched (800-kDa) 23 1 0.6 0.9 1.2
Melittin (25-kDa) 22.9 0.92 0.7 1.0 1.2
Melittin (2-kDa) 3.5 0.15 4.2 5.9 7.5
Galactose (25-kDa) 8 2.8 0.2 0.28 0.36
Galactose4 (25-kDa) 50 0.19 0.3 0.4 0.6
Transferrin (25-kDa) 16 0.6 1.1 1.5 2.1

Table 2-9: Concentrations of PEI conjugates and transfection guidelines.

The concentration of N* residues indicates how much DNA is required to interact with the

PEI at the above ratios.
24-well plate 6-well plate
total volume 200ul) total volume 500111)
E3->2 | PELL | PEDL HBS | FE3->2 | PEL PEI, HBS

Linear 3ul 2pul -—- 95ul 1pl 5.4pl -—- 93.6ul
Linear + 3ul 2pul * 90ul 1nl 5.4pl ** 88.6ul1
Chloroquine

Branched 3ul 0.5ul -— 96.5u1 1pl 1.2pl -—- 97.8ul
Melittin2 3ul 3.2ul --- 93.8ul 1l 8.4pl -—- 90.6ul
Linear + melittin2 3pul 1pd | 1.6pl | 94.4ul 1pl 2.7l | 4.2p1 | 92.1pul
Melittin25 3pul 0.5pl -—- 96.5ul 1pl 1.4ul - 97.6ul
Linear + melittin25 3pul 1l | 0.3ul | 95.7ul 1pl 27p1 | 0.7p1 | 95.6pl
Galactose 3pul 0.2ul --- 96.8ul 1pul 0.4pl - 98.6ul
Galactose4 3pul 0.2pl --- 96.8ul Ipl | 0.4ul --—- 98.6pl
Linear + galactose4 3pul Ipl | 0.1pl | 95.9ul 1pl 27l | 0.2p1 | 96.1ul
Transferrin 3pul 0.8ul --- 96.2ul 1pl 2.21l --- 96.8ul

Table 2-10: Chimeraplast-PEI complex formation.

Complexes were formed by combining HBS, chimeraplast and PEIs in one tube (in this order),

vortexing the mixture, and incubating at RT for at least 10 min. Complexes were formed in a

total volume of 100 ul HBS, the remaining volume being made up by medium on the cells.

Chimeraplast concentrations were: E322 - 10 pmol/ul and 0.25 ug/ul with a final
concentration of 150 nM; FE3 22 - 100 pmol/ul and 2 pg/ul with a final concentration of 200
nM. All calculations are based on an N:P ratio of 5:1. * 2 ul chloroquine (10 mM ) or ** 5 ul

chloroquine (10 mM) was added to the appropriate wells 5 min before the complexes to a final
concentration of 100 uM. Melittin2: Melittin-PEI 2-kDa; Melittin25: Melittin-PEI 25-kDa.
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2.3.6 MICROINJECTION

CHO-LCATwr and HepG2 cells were microinjected with the 68-mer LCAT
chimeraplasts (see Fig. 4.1 for sequences). First, 12 mm glass coverslips were dipped
in 70% ethanol, flamed and then dropped into individual wells of a 12-well plate. The
cells were then seeded onto the coverslips in drops of 30 pl, approximately 100 cells
per coverslip. The cells were left to adhere for 4 hours, after which 1 ml complete

medium was added to each well. The cells were microinjected the next day.

Chimeraplasts were diluted for nuclear injection 3.9 times. This calculation
was based on the fact that standard transfections deliver approximately 1.6 pg of
chimeraplast per 105 cells. This means that theoretically each cell takes up 1.6 x 105
pg of chimeraplast. To achieve the same result by microinjection, for 100 cells we
would need 1.6 x 103 pg in a volume of 2.5 pl, or 0.64 ng/pl. Starting with a
chimeraplast concentration of 4.86 ng/yl, the dilution factor is 3.9. The chimeraplasts
were diluted in PBS, batched in 5 pl aliquots, and stored at -80°C.

Microinjection was kindly performed by Dr. Maria Dos Santos (Royal Free &
University College Medical School, London, UK). Glass pipettes (1.2 mm bore; Clark
Electroinstruments, Reading, UK) were used to pull microcapillaries of about 0.5 pm
tip diameter using a programmable Pipette Puller (Campden Instruments, Leicester,
UK). Two and a half microliters of the chimeraplast solution was loaded into a
microcapillary using an Eppendorf microloader tip. Just before microinjection,
coverslips were transferred from the 12-well plate to a dish, which was inserted into
the enclosed Perspex chamber of the Zeiss-inverted microscope, which is heated to
37°C. Cells were microinjected using an Eppendorf microinjector, with between 1 and
2 x 1011 ml being delivered to each nucleus. On average, 100-150 cells were injected

per coverslip.

The cells were maintained on the coverslips in a 12-well plate for 6 days before
being transferred to wells of a 24-well plate. They were left to grow for 14 more days

before being harvested for analysis.
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2.3.7 EXTRACTION OF DN A FROM CELLS

Following transfection, cells were washed once in PBS and harvested by
treatment with 0.25% (v/v) trypsin-EDTA for 3 min at 37°C. Once the cells were
detached, the trypsin was neutralized by the addition of fresh medium. Most of the
suspended cells were then collected in 1.5 ml microtubes (about 1% were left to grow
on) and centrifuged at 24,000 g for 5 min to pellet the cells. The supernatant medium

was discarded and the cells used for analysis.

Extraction of DNA was done using the Dneasy Tissue Kit (Qiagen) following
the manufacturer’s instructions. In summary, the cells are incubated with a lysis
buffer and proteinase K for 10 min at 70°C, ethanol is then added, and the lysate is
passed by centrifugation through a column that binds the DNA. The DNA is then
washed with two other buffers to eliminate any remaining contaminants and enzyme
inhibitors, and eluted in a total volume of 200 pl. This genomic DNA was stored at
4°C and used for RFLP analysis.

2.3.8 TRANSFECTIONS WITH FLUORESCENT CHIMERAPLAST AND

NUCLEAR ISOLATION

When studying the FE3->2 chimeraplast, 6-well plates were used so that a
greater number of cells could be collected and counted by flow cytometry. The
transfection method was as described above (see Table 2-9), but after the 6 h
incubation cells were harvested immediately for nuclear isolation. The cells were
detached from their plates using trypsin-EDTA and pelleted by centrifugation. Cells
were washed once in 100 ul PBS, resuspended in 100 pl of 0.1% (v/v) Igepal CA-630
(Sigma) in PBS and then incubated on ice for 15 min, during which time the cells were
pulled through a 26G needle every 5 min to separate nuclei from outer membranes.
The nuclei were pelleted by centrifugation at 12,000 g and washed once in 100 pl PBS
to remove remaining detergent, then suspended and fixed in 100 pl ice-cold 50%

(v/v) ethanol. Nuclei were stored at 4°C for FACS analysis.
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2.3.9 FACS ANALYSIS

Analysis of the nuclei collected after transfection with the FE3->2 chimeraplast
was performed on a FACSCalibur flow cytometer (Becton Dickinson, Oxford, UK)
equipped with an argon ion laser, which was used to excite the fluorescein at 488 nm
(530/30 nm emission bandpass filter). Cells were gated on a dual parameter display
of forward and side scattered light using linear amplifications. Data acquisition was
programmed to count all nuclei within gate R1 and all fluorescent nuclei emitting
fluorescence between 520-530 nm in gate R2, and set to stop once 5,000 events were

counted in R2.

Results were calculated using this formula: % transfected cells = 5,000 / R1
where 5,000 is the number of fluorescent events and R1 is the total number of cells
counted, fluorescent or not. Each set of transfection conditions was repeated at least 3

times.
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24 LCAT ACTIVITY ASSAYS

In order to study the enzymatic activity of the different LCAT variants
presented in this thesis, it was necessary to create reaction conditions where
cholesterol and phosphatidylcholine (lecithin) were available as substrates for LCAT,
while being able to monitor the production of cholesteryl esters. For this reaction I
used a proteoliposome substrate that contained 3H-cholesterol and
phosphatidylcholine and incubated this with conditioned media from LCAT-secreting
CHO cells. The protein component of the substrate was apolipoprotein Al (apoAl),
which acts as a cofactor to LCAT’s enzymatic activity. It was therefore necessary to
add apoAl to the substrate for the activity assays. Catalysis by LCAT produced 3H-
labelled cholesteryl esters (CE), which were measured by separating the reaction
lipids using thin layer chromatography (TLC), isolating the bands corresponding to
free cholesterol and CE, and counting radioactivity in both.

2.4.1 ISOLATION OF HUMAN APOLIPOPROTEIN Al

ApoAl was prepared from blood by isolation of HDL followed by
delipidation [254], as it is associated with HDL particles. The method of this isolation
is based on the principle that when HDLs is incubated with delipidated HDLs (i.e.
apolipoproteins), apoAll will replace apoAl on HDL because it has a higher affinity
for HDL particles [255].

HDL is considered to be those lipoproteins that have a density range of 1.063
to 1.21 g/ml. Preparative ultracentrifugation can be used to isolate HDL from plasma
by floating it to the surface. In order for this to occur, the density of the plasma
solution has to be progressively increased, while at the same time the other
lipoproteins are removed sequentially. Table 1-1 shows the densities of the

lipoproteins.

Sodium bromide is used to create solutions of various densities for sequential
preparative ultracentrifugation. The sodium bromide density solutions were made by
Dr. D. Riddell (Royal Free & University College Medical School, London, UK). A base
density solution of 1.006 g/ml was prepared by combining 57 g anhydrous NaCl, 0.5
g EDTA, 5 ml 1 M NaOH and 0.5 g sodium azide in 5.015 L of distilled water. From
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this, all other density solutions could be made by adding a specific amount of sodium
bromide. Fine adjustments to the density solutions were made by adding p1.478 or
p1.006 solutions.

To calculate the volume of density solution required to float the lipoproteins,

the following equation was used:
vi.di + va.dz = (V1 + v2).d3 [256]

where v is the volume of plasma, v2 is the volume of density solution to be added, d;
is the density of plasma (assumed to be 1.006 g/ml, which is the protein-free density
of plasma), d: is the density of the solution used for adjustment, and ds is the density

required.

Fresh human blood was collected in tubes containing 0.2 M EDTA (pH 7.4)
and 0.3 M sodium chloride (pH 7.4) and centrifuged immediately at 1,800 g and 4°C
for 30 min. Plasma was collected and the blood cells discarded. One hundred
microlitres of 0.5 M magnesium chloride and 100 pl of 4% (w/v) phosphotungstic
acid in 0.19 M NaOH were added to each millilitre of plasma to precipitate the
apolipoprotein B-containing lipoproteins in a single step. The plasma was stirred,
spun at 2,000 g for 20 min, and the supernatant containing the HDL was collected.

In order for the HDL; to come to the surface, the density of the solution was
brought to 1.125 g/ml with sodium bromide. It was then transferred to 30 ml screw-
capped polycarbonate centrifuge tubes (Kontron Instruments Ltd.), and topped up
with p1.125 density solution made from combining p1.006 and p1.478 solutions. The
tubes were then spun at 37,000 rpm and 16°C for 24 h in a Kontron Centrikon T-2060
ultracentrifuge (using a 12 x 38.5 ml rotor, Kontron TFT 50.38) to separate the HDL,
and HDL;. The topmost, dark yellow HDL, layer was carefully removed using a
syringe and needle. The HDL; fraction in the lower phase of the solution was left in
the tube, adjusted to p1.21 and the solution topped up with pl1.21 density solution.
The HDL was then spun again for 40 h to lift the HDL; to the surface. The HDL; was
carefully collected using a syringe and needle and transferred to two conical
membranes sitting on top of plastic 50 ml tubes. The membranes were topped up
with PBS and the tubes centrifuged at 2,000 rpm for 20 min. This was repeated twice,
topping up with PBS each time and pipetting to mix. This procedure concentrates the

HDL; and removes traces of other substances such as albumin.
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At this stage, 10% of the HDL; was put aside and stored at 4°C. The HDL; was
delipidated by adding it dropwise into a glass tube containing chloroform/methanol
(21, v/v), while vortexing, to form a milky solution. Next diethyl ether/ethanol (3:2,
v/v) was added followed by vortexing and incubating on ice for 10 min. The tubes
were then spun at 800 rpm for 5 min and the supernatant removed by aspiration. The
washing with diethyl ether/ethanol and centrifugation was repeated twice more. The
tubes were then left on a roller mixer to evaporate any remaining diethyl ether, which
resulted in a white precipitate in the tube. The precipitate was dissolved in PBS and 4
M guanidine HCl by rolling for 10 min. Next the HDL was dialysed against 150 nM
NaCl and 1 mM EDTA six times for 1 h each. To extract the apoAl, the delipidated
HDL; was mixed with the HDL; that was previously put aside and the mixture was
left overnight at 4°C. This has the effect of drawing out the apoAl. To separate out
the apoAl, the solution was now mixed with p1.006 density solution, sodium bromide
added to reach pl.21 and mixed by gentle inversion, then spun at 43,000 rpm and
16°C for 40 h. The top layer, HDLs bound to apoAll, was removed and the apoAl in
the lower phase dialysed against 10 mM NH/HCO; overnight. The apoAl was
visualised by SDS-PAGE (Section 2.2.1) to verify purity and the concentration of the
apoAl was determined (Section 2.2.3). The apoAl was then concentrated using
Vivaspin 20 centrifugal concentrators with a 10,000 kDa MW cutoff, then batched into
4 mg aliquots, frozen to -80°C and freeze-dried (Modulyo Freeze Drier, Edwards).

2.4.2 PREPARATION OF PROTEOLIPOSOME SUBSTRATE

Substrate for the reaction with LCAT was prepared following the method
described by Chen and Albers [257]. Each preparation of substrate was made in large
batches that were aliquoted and then stored at -20°C for future use. The quantities
described below allow the preparation of enough substrate for approximately 350

assays.

In a glass tube with a screw cap, 34.8 mg of L-a-phosphatidylcholine (Sigma,
Cat. No. P2772, 100 mg/ml) were mixed with 820 pg cholesterol (Boehringer, 1
mg/ml) and 40 pCi 3H-cholesterol (Sigma, Cat. No. C8794, 1 mCi/ml). The mixture
was then evaporated under nitrogen and final traces of solvent removed under
vacuum for 30 min. Four milligrams of human apoAI were dissolved in 1 ml PBS and

added. The total volume was then adjusted to 10.8 ml with PBS and the mixture
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vortexed for 1 min. Next, while vortexing, 1.36 ml of sodium cholate (0.725 M) were
added dropwise to the solution to emulsify the proteoliposomes, turning the solution
clear. The solution was then transferred to pre-treated, washed 10-kDa MW cutoff
dialysis tubing (Medicell International, London, UK) and dialysed against 150 mM
NaCl at 4°C with stirring, six times for 90 min and once overnight, changing the NaCl

solution each time.

Half a gram of fatty acid free bovine serum albumin (BSA; Sigma) was
dissolved in 25 ml PBS and heat-inactivated at 56°C for 30 min. The solution was
sterile filtered using a 0.2 p syringe filter (Corning) and 22.5 ml was transferred into a
plastic beaker. This was stirred magnetically while the dialysed proteoliposomes
were added. This had the effect of removing fatty acids from the substrate, as these
bind lysophosphatidylcholine during the LCAT reaction. The beaker was then
weighed again and the weight adjusted to 64.8 g with PBS, then the solution was
stirred again.

As an extra step in order to thoroughly remove any remaining sodium cholate
(an inhibitor of LCAT), the solution was incubated with amberlite XAD-2 beads (20-60
mesh, Aldrich). The beads were prepared by adding 1 g of beads to each of four 50
ml tubes and washfng with methanol (30 ml) for 15 mins using a roller mixer. The
methanol was then decanted and the beads washed with water (30 ml) three times for
5 min followed by three 5 min washes with PBS (30 ml).

The proteoliposomes were divided between two tubes of amberlite beads and
incubated for 90 min at room temperature on the roller mixer. The substrate was then
transferred to the other two tubes of amberlite and the incubation repeated. The
substrate was then pooled and p-mercaptoethanol was added to a final concentration

of 5 mM. The solution was divided into 2.5 ml aliquots and stored at -20°C.

2.4.3 LCAT ACTIVITY ASSAY

Samples of conditioned media from LCAT secreting CHO cells were prepared
by adding 15 ml of serum-free fresh medium (see Table 2-6) to a 75 cm? flask of
confluent CHO cells. After 24 h the medium was collected and concentrated 20 times
using Vivaspin 20 centrifugal concentrators with a 30-kDa MW cutoff. The samples
were then batched into 50 pl aliquots and stored at -20°C. As a negative control,
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conditioned medium from CHQdhfr- cells was also collected and treated in the same
way. The positive control for these experiments was plasma obtained as described in

Section 2.4.1. As a negative control for the plasma, PBS was used.

The substrate was thawed in a 37°C water bath, gently mixed by vortexing,
and kept on ice until the reaction mixes were ready. In a 1.5 ml tube, 242.5 pl of
proteoliposome substrate was added to and 8 pl of test sample (plasma, PBS, LCAT
conditioned medium or control medium). The reaction mixes were incubated at 37°C
for 1 h. The reaction was then stopped by transferring the tubes onto ice. To extract
the lipids, the reaction mixes were transferred into glass screw-cap tubes containing 4
ml chloroform / methanol (1:1) and the tubes vortexed. Next, 1.2 ml of water were
added to each tube and the tubes vortexed again. The samples were centrifuged at
2,000 rpm and 4°C for 10 min (MSE Mistral). The lower, organic phase of each tube
was then transferred using a plastic micropipette to a clean flat-bottomed glass tube
containing 5 drops of methanol. The samples were dried in a 40°C heating block
under nitrogen. Then 200 pl chloroform / methanol (1:1) was added to each tube, the
tube walls rinsed with the solution, and the samples dried again.

The dried samples were then dissolved in 30 ul chloroform, carefully rinsing
the bottom of the tuI;e, and the samples were transferred onto the application zones of
250 um silica gel TLC plates (60 A; 20 x 20 cm, layer thickness 250 pm; Whatman).
One lane of the plate was reserved for running 5 mg lipid standard (Sigma) as a
marker. The plate was allowed to dry briefly and was then placed in a TLC chamber
containing a layer approximately 1 cm high of hexane / diethylether / acetic acid in
(90:10:1 by volume). The lipids were allowed to separate until the solvent front
reached nearly the top of the plate. The plate was then air-dried briefly and the lipids
stained in a chamber containing iodine crystals. The plate was removed from the

iodine chamber and the UC and CE bands were marked with a pencil.

The plate was sprayed with water and the UC and CE bands scraped off into a
scintillation vial containing 8 ml of scintillation fluid (Ecoscint A, National
Diagnostics). The vials were briefly vortex-mixed and their radioactivity measured.

LCAT activity was expressed as the % cholesterol esterified/hour:

% cholesterol esterified / hour = CE dpm / (CE dpm + UC dpm) x 100

97



Negative controls (control medium and PBS) were calculated initially and their values

subtracted from the corresponding test samples.

2.5 STATISTICAL ANALYSIS

Values in the text and figures are expressed as the mean + S.D., when
appropriate. Statistical differences between means was determined using Student’s -
test and considered significant if P < 0.05. All analyses were performed using
Microsoft Excel (Microsoft Office XP).
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Chapter 3 -

Comparison of wild-type
LCAT and LCAT with
potentially
atheroprotective
mutations
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3.1 INTRODUCTION

In the Introduction (Section 1.2.5), I discussed point mutations in the LCAT
gene that are believed to increase the enzyme’s catalytic activity. Site-directed
mutagenesis was used to produce a variety of LCAT mutants with Ser->Ala amino
acid changes. These were transiently expressed in COS-6 cells and analysis of the
LCAT secreted by the recombinant cells showed that Serxs>Ala and Serzis>Ala
mutations had increased enzymatic activity [125]. In pursuing the idea that the S208A
and S216A mutations have the potential to be anti-atherogenic, my first goal was to
ascertain that these variants do have higher specific activities compared to wild-type
LCAT, and in the setting of stable expression. I already had available to me two
recombinant CHO cell lines: one that expressed the LCAT wild-type gene (CHO-
LCATwr), and one that expressed LCAT with the Ser-> Ala mutation at amino acid 216
(CHO-LCATsz16a), both previously created in our laboratory. CHO cells do not
normally express LCAT [258] and are therefore useful vehicles for studying the
human protein. I decided that it would be interesting to establish whether LCAT
containing two mutations: both S208A and 5216A, would also have increased activity
by comparing this double mutant enzyme to wild-type LCAT and LCATsz16a.

This chapter describes my work using site-directed mutagenesis to produce a
plasmid vector carrying the double-mutated LCAT cDNA, transferring the cDNA into
an expression vector, and producing recombinant CHO cells expressiong this LCAT
variant. I looked at comparable levels of enzymic activity sufficient to measure the

specific activities of wild-type LCAT, LCATszn6a and LCAT with the double mutation.
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32 RESULTS

3.2.1 GENERATION OF RECOMBINANT CHO CELLS EXPRESSING LCAT
WITH THE DOUBLE MUTATION (SER208ALA AND SER216ALA)

3.2.1.1 Mutagenesis to produce the expression vector

Site-directed mutagenesis was performed as described in Section 2.1.8. The
template was pLCATHBS216A, a pUCI18 plasmid containing LCAT cDNA with the
S216A mutation (Fig. 3.1). The mutagenic process had the purpose of introducing a
TG mutation which would result in the S208A amino acid change (Fig. 3.2).
Although the manufacturer of the mutagenesis kit suggests a PCR elongation time of
2 min/kb of plasmid, which in this case would mean an elongation time of 8 min, this
proved to be insufficient. An elongation time of 14 min was found to give a better
result. Ten percent of the PCR reaction was visualised on a 1% agarose gel against
linearised pLCATHBS216A, to verify that the PCR product was of the correct size
(Fig. 3.3A). ‘

Next the PCR product was digested with Dpnl (Fig. 3.3B). This restriction
enzyme recognises the methylated, nonmutated DNA template. Digesting the PCR
product left only the new, mutated plasmid, which was then transformed into
ultracompetent cells and grown on a LB agar plate containing ampicillin for selection
of bacteria containing the transformed plasmid. Twelve colonies were picked from the
plate and grown in minicultures, after which DNA was extracted. Only one of the
colonies appeared to contain the correct plasmid when viewed by electrophoresis
against the linearised original plasmid, and this clone was digested with HindIII and
BamHI for further confirmation (Fig. 3.3C). In order to ascertain that the mutagenesis
was successful, the plasmid was also analysed by RFLP for both S208A and S216A
mutations (see Section 2.1.3 and Fig. 3.4 for expected RFLP pattern). The two
mutations were found to be present (Fig. 3.5A). Sequencing of the cDNA portion of
the plasmid was then performed to exclude the presence of any other unwanted
mutations, and also provided another form of confirmation of the presence of both
mutations (Fig. 3.5B). No other mutations were found within the cDNA. The newly
created plasmid was termed pLCAT2M.
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BamHI LCATS216A

HindIII

pLCATHBS216A
4.1kb

Fig. 3.1: Plasmid pLCATHBS216A.
The pUC18-based plasmid was used as template for mutagenesis within the LCAT cDNA. The
1.5 kb full-length LCAT cDNA was cloned into the vector using HindIIl and BamHI. The
plasmid carries the gene coding for beta-lactamase (bla), conferring ampicillin resistance to
bacteria and therefore ampicillin was used as a selection agent for successfully transformed
bacterial colonies after mutagenesis. The original figure (reproduced from the catalogue of
Fermentas International, Canada) was modified to include the LCAT cDNA. rep: pMB1
replicon, responsible for plasmid replication; lacZ: gene whose expression results in the
formation of blue colonies. When cloning into the lacZ gene, this feature is abolished, resulting
in white colonies, allowing for the identification of recombinant plasmids following bacterial

transformation.
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Ser208 Ala216
-GCTTTATTGATGGCTTCATCTCTCTITGGGGCTCCCTGGGGTGGCGCCATCAAGCCC -

l

GCT
Ala208

Fig. 3.2: Diagram depicting the LCAT cDNA in pLCATHBS216A.
Amino acids 208 and 216 are serines in wild-type LCAT. The plasmid pLCATHBS216A
contains LCAT cDNA with the Ser >Ala mutation at position 216. The nucleotides that code

for amino acids 208 and 216 are underlined. Mutagenesis on this plasmid added the Ser-?Ala
mutation at position 208 by changing T to G.
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Samples

Positive @ ——
control A B C-

Positive _
control A B

Control  Clone L

1kb

Fig. 3.3: Site-directed mutagenesis on plasmid pLCATHBS216A.
A: Agarose gel showing the mutagenesis PCR products (A and B) against the linearised
plasmid that was used as PCR template (positive control). C-: PCR negative control. B:
Agarose gel of the PCR reactions after digestion with Dpnl. The arrow indicates the correct
band of 4.1 kb, confirmed by the linearised plasmid in the first lane. C: Digest products after
treatment of mutagenesis plasmid with Hindlll and BamHI, showing the same pattern as
control. Control: pPLCATHBS216A digested with the same enzymes. L: 1 kb ladder.
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Ser208Ala
HepG2 CHO-LCATy,
160 bp -- 150 bp
110 bp - - 101 bp
80 bp - --79 bp
50 bp -- --- 49 bp
Ser216Ala
HepG2 CHO-LCAT,,,
155 bp --- - 144 bp
85 bp -- 76 bp
68 bp --

Fig. 3.4: Diagram of RFLP pattern following LCAT chimeraplasty.
Representation of gel patterns following restriction digest of PCR products obtained from
DNA extracted from cells treated with either Ser208Ala or Ser216Ala chimeraplasts. DNA
from cells receiving the S208A chimeraplast were cut with Mwol and those receiving the
S216A chimeraplast were cut with Cfol (see Figs. 2.2 and 2.3). When no base change is
present (--) only one restriction site exists in the PCR product and therefore there are two
restriction fragments. Following successful chimeraplasty, a new restriction site is created by
the base change (+) resulting in the disappearance of the largest band and appearance of 2
smaller bands. Due to the fact that different primers were used for genomic DNA or cDNA,
the restriction patterns are slightly different on analysis of transfections of HepG2 cells or

recombinant CHO cells.
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S208A analysis S216A analysis

product digest product

100 bp

s
- <480 bp

S <50 bp

-
-~
-
Q.
.
—
s
——

PCR Mwol PCR Cfol

Fig. 3.5: Analysis of mutagenesis on plasmid pLCATHBS216A.

A: Analytic RFLP for S208A and S216A mutations confirming the success of mutagenesis at

position 208. For the S208A analysis, no mutation results in two restriction fragments of 150

bp and 80 bp, whereas when the mutation is present an additional digest site within the 150 bp

fragment results in its cleavage into 100 bp and 50 bp. Likewise, for the S216A mutation, in
the presence of the mutation the 144 bp band splits into 76 bp and 68 bp bands. L: 10 bp ladder

(100 bp band is boldest). B: Sequencing confirmation of the presence of both T>G mutations

(indicated by arrows) at amino acid sites 208 and 216 (underlined).
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3.2.1.2 Production of LCAT:m expression plasmid

The expression vector p7055 [259], kindly provided by Dr. D. Vinogradov,
contains a DHFR gene of mouse origin that can act as a selectable marker. The gene is
weakened by a downstream sequence rich in A and T resulting in mRNA instability
[260]. The plasmid also contains the SV40 enhancer-promoter reinforced by the
hepatitis B virus X transactivator (HBV-X), allowing high expression of the desired
gene (Fig. 3.6). This plasmid was used to create this and the two other recombinant
cell lines described in this chapter, CHO-LCATwr and CHO-LCATsxea, because of its
ability to produce high gene expression and its selection ability via dhfr.

The double-mutated LCAT cDNA (henceforth termed LCAT2vm) was cut out of
pLCAT2M by digesting 5 pg of plasmid with 10 U HindIII and 10 U BamHI for 3 h at
37°C. The digest products were visualised on a 1% agarose gel (Fig. 3.7a) and the 1.5
kb LCAT fragment cut out of the gel and purified (Section 2.1.2). This fragment would
replace the 500 bp IL-2 fragment in the p7055 plasmid. Due to the fact that p7055
contains 2 BamHI restriction sites, a partial digest was necessary. This was achieved
by digesting 3 pg of p7055 with 0.6 U BamHI for only 20 min at 37°C. The digest
products were separated by electrophoresis (Fig. 3.7b) and the 6.8 kb linearised
plasmid was gel extracted and purified. It was then digested with 20 U HindIII for 90
min at 37°C. Digest products were again separated by electrophoresis (Fig. 3.7c) and
the 6.3 kb fragment representing the plasmid without the IL-2 insert was gel purified.
Both LCAT insert and empty vector were quantified by measurement of the ODx.

The vector was dephosphorylated as described in Section 2.1.5 and ethanol
precipitated prior to ligation with the LCAT insert. Ligation was performed as
described in Section 2.1.7, using a 5:1 insert to vector ratio (250 ng LCAT insert and 50
ng p7055) and 3 U ligase. The reaction was carried out for 1 h at room temperature,
then left overnight at 4°C. Half of the ligation mix was transformed into DH5a
bacteria as described in Section 2.1.9 and plated on LB agar with ampicillin. After 24 h
12 colonies were picked for analysis, grown overnight in small cultures and DNA was
extracted. One fifth of the DNA from each of the 12 plasmids was digested with 5 U
Clal, as was pXLCAT (p7055 containing wild-type LCAT) to serve as a positive
control. Clal has several restriction sites within p7055 and LCAT. All plasmids
showed the same restriction pattern as the digested pXLCAT. Another digest was
performed on 3 of the 12 plasmids (colonies 1, 8, and 11: chosen because they had the
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highest DNA concentrations), this time with HindIIl and BamHI to ascertain that the
IL-2 fragment had been successfully removed (represented by a 500 bp band). All
three plasmids showed the correct restriction pattern for p7055 containing LCAT
cDNA and no IL-2 (Fig. 3.8). Culture 11 was chosen for expansion into a larger culture
(Section 2.1.10) to produce purer and larger amounts of plasmid for transfection into

CHO cells.

p7055

(6.8 kb)

Fig. 3.6: Plasmid p7055.

The plasmid was digested with HindlIll and partially digested with BamHI to cut out the
interleukin-2 (IL-2) fragment. The resulting 6.3 kb open vector was then ligated with the
double-mutated LCAT cDNA producted by mutagenesis. SV40 enhancer-promoter and HBV-
X (the gene coding for hepatitis B virus X transactivator) allow high levels of expression of the
cloned gene. dhrf: gene coding for dihydrofolate reductase; HTLV1 a globin: 5 UTR R+U5
region from HTLV1 and an intron containing the splice sites from the dital intron of the
mouse x-globin gene; IL-2: 500 bp gene coding for interleukin-2, which was removed and
replaced by the LCAT gene.
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6.8 kb
4.7 kb

21kb

6.3 kb

Fig. 3.7: Preparation of LCAT:m and p7055 for ligation.

A: Digest of pLCAT2M with Hindlll and BamHI (HB). The LCAT2M fragment of 1.5 kb was
purified from the gel for use in the ligation. C: control, pLCAT2M linearised with BamHI; L: 1
kb ladder. B: Partial digest of p7055 with BamHI (B*), in order to linearise the plasmid
without cutting at both BamHI sites. The 6.8 kb linearised plasmid was gel purified for use in
further digests. L: 1 kb ladder; C: control, p7055 linearised with HindIIl. C: The BamHI
partial digest product was digested with HindIII (B*H). The 6.3 kb fragment was purified from
the gel for ligation. B: p7055 digested with 1 U BamHI. HB: p7055 digested with 10 U
HindIlI and 10 U BamHI. H: p7055 linearised with HindlIl. L: 1 kb ladder.
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Fig. 3.8: Analysis of plasmids from picked bacterial colonies.
Three chosen plasmids (from colonies 1, 8, and 11) were digested with HindlIl and BamHI. All
showed a digest pattern consistent with fragmentation of p7055 (fragments of 4.7 kb and 1.7
kb) containing LCAT (1.5 kb). L: 1 kb ladder.

110



3.2.1.3 Transfection of pPXLCAT:nm into CHOMfr- cells

The pXLCAT2m plasmid was transfected into CHOdh- cells as described in
Section 2.3.4. The day after transfection, cells that received the pGFP plasmid, as a
visual control of transfection efficiency, showed that the transfection was only
approximately 10% successful. The pXLCAT.um transfected cells were transferred to a
75 cm? flask and selection was started (see Table 2-6 for selection medium used) by
using medium deficient of HT in order to kill off cells not carrying the DHFR gene
required to produce HT (i.e. cells not successfully transfected). By the 12t day the
flask was confluent, while in the control flask (untransfected cells) only 40% of cells
survived. Thirty days after transfection, all cells in the control flask were dead. At this
stage DNA was extracted from some of the transfected cells and PCR-RFLP was
performed to verifiy that LCAT ¢cDNA with the double mutation was present. As a
positive control, the pXLCAT2M plasmid was used. PCR-RFLP confirmed that the
cells were carrying the double mutated LCAT gene (results not shown).

3.2.1.4 Cloning of recombinant CHO-LCAT>m cells

Cloning of the cells was performed by limiting dilution in a 96-well plate. The
day after cloning had begun, wells containing individual cells were marked. The cells
were then left for 10 days, after which they were trypsinised and transferred to a 24-
well plate. As the cells reached confluency they were transferred again to 6-well

plates and finally into 75 cm? flasks.

3.21.5 Analysis of CHO-LCAT:>m clones

Once sufficient cells were available, 10% of each clone was taken for DNA
extraction and PCR-RFLP analysis. DNA was amplified using the S208A cDNA
primers (Section 2.1.3) and the PCR products digested with Cfol to identify the
Ser216Ala mutation (see Fig. 3.4 for RFLP pattern). Analysis for the Ser208Ala
mutation was considered unnecessary at this preliminary screening stage as the
presence of one shows the presence of the other because they are carried together in

the transfected cDNA. RFLP confirmed that all picked cells do contain the S216A
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mutation (Fig. 3.9A), seen as the presence of three restriction fragments (85, 76 and 68
bp) rather than two (144 and 85 bp). It was therefore considered that all the clones
contained the double-mutated LCAT cDNA. All clones were then grown on for
collection of conditioned medium over a 24 h period as described in Section 2.2.4.
Briefly, near-confluent 6-well plates received serum-free medium that was collected
after 24 h, concentrated 40 times and snap-frozen. The presence of LCAT protein in
medium was analysed by Western blotting (Section 2.2.5) using a mouse monoclonal
anti-human LCAT primary antibody and sheep anti-mouse HRP secondary antibody,
followed by ECL detection. Blots revealed that all 8 clones were secreting a protein of
the correct size for LCAT (63-kDa), and that with a comparable number of cells for
each clone, the three best secretors were clones A, D and E (Fig. 3.9B). Clone ‘D’ was
producing the highest level of protein and consequently, CHO-LCATm(D) was the

cell line used for subsequent experiments.
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85 bp
76 bp

68 bp

Fig. 3.9: Analysis of 8 CHO-LCAT:m clones.
A: PCR amplification of DNA from clone cells (A to H) using the S208A cDNA primers
followed by digest with Cfol to verify the presence of the Ser216Ala mutation. All 8 clones
show the expected digest pattern (presence of three bands of 85, 76, and 68 bp rather than an
85 bp and an undigested 144 bp band), identical to the same analysis from amplified plasmid
pLCAT2M (C+). L: 10 bp ladder. B: One of two Western blots showing LCAT secretion in 40
X concentrated conditioned medium collected after 24 h. The protein was detected using mouse
anti-human LCAT primary and sheep anti-mouse HRP secondary antibodies followed by ECL.
All clones produced a protein of 63-kDa. LCAT production varied greatly, with the highest
levels in clones A, D and E. Clone D was considered to be the best LCAT producer and used

for subsequent experiments.
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3.2.2 PRELIMINARY COMPARISON OF SPECIFIC ACTIVITIES OF THE

THREE LCAT VARIANTS

Conditioned medium was collected as described in Section 2.2.4 after 24 h from
CHO-LCATwr, CHO-LCATsz6a and CHO-LCAT2um cells and concentrated 40 times.
As I did not have a method of accurately quantifying secreted LCAT (such as ELISA),
an estimation was made of protein quantity in arbitrary units (AU) by scanning
densitometry of Western blots. Three dilutions of CHO-LCATwr conditioned medium
were blotted against medium from the two other cell lines as before (Fig. 3.10).

Densitometry values were used to calculate the protein concentration in AU/ pl.

The LCAT activity assay was performed as described in Section 2.4.3 using the
same conditioned medium as for the Western blots (1.27 pl CHO-LCATwr medium,
12.7 pl CHO-LCATsznea medium and 12.7 ul CHO-LCAT2m medium) with a 1 h
incubation of medium with substrate. The percentage of cholesterol esterification and
specific activity for the three LCAT variants are listed in Table 3-1 and shown in
graph form in Fig. 3.11. The calculated results indicate that LCATsx6a is 8.9 times as
active as wild-type LCAT (3.19 + 2.52 % esterificaton/h per AU compared to 0.36 +
0.22 % respectively). The double mutation also confers higher activity than wild-type
(0.71 £ 0.55 % esterification/h per AU compared to 0.36 + 0.22 % respectively), though
it is only 1.9 times greater. Results are the mean of duplicate experiments on the same
protein samples. Unfortunately, these results have to be regarded as preliminary
because the sample size was not large enough to provide statistically significant
results. A larger sample size was not possible because of the low concentration of
LCAT protein secreted by the mutated LCAT-secreting cells. As Fig. 3.10 shows, the
LCAT content of the conditioned medium from CHO-LCATsz16a and CHO-LCATom
cells was very low in comparison with medium from CHO-LCATwr cells.
Consequently, relatively large volumes of medium (even when concentrated 40 times)

had to be used for the activity assays.
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10 5 1 S216A 2M

Fig. 3.10: Western blotting of conditioned medium from LCAT-secreting cells.
Conditioned medium was collected after 24 h from CHO-LCATwr, CHO-LCATs26a and
CHO-LCAT:m cells and concentrated 40 times. Known volumes from each cell line were
visualised on the same blot for estimation of concentration in the form of AU/ul by scanning
densitometry compared to background. These values were used to calculate the specific activity
of the LCAT variants following activity assays performed using the same conditioned medium.
WT: LCATwr showing three dilutions of medium, S216A: LCATs216a, 2M: LCATom (medium
from clone D).
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Protein Protein in Mean % Specific activity
LCAT variant | concentration | assay (AU) cholesterol (% esterification/h per
(AU/ul) esterified/h AU)
LCATwr 415 5.14 1.95 0.36 £ 0.22
LCATs216a 0.017 0.22 0.70 3.19+252
LCAT2m 0.033 0.14 0.29 0.71+0.55

Table 3-1: Specific activity data for three LCAT variants.

These results were derived from analysis of protein secreted into medium by CHO-LCATwr,

CHO-LCATs2164a and CHO-LCAT:m cells. Protein concentration was estimated by scanning

densitometry of Western blots and expressed as arbitrary units (AU/ul). Following incubation

of the medium with 3H-cholesterol labelled substrate, the percentage of cholesterol esterified/h

was calculated by comparing radioactive counts in unesterified cholesterol and cholesteryl

esters. Specific activity is expressed + SD (n=2). LCAT containing the Ser216Ala mutation
appears to have the highest LCAT activity (8.9 times that of LCATwr), followed by the double-
mutated LCAT (1.9 times higher than LCATwr).
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Fig. 3.11: Specific activity of the three LCAT variants.
Results from Table 3-1 represented as a bar graph, showing that the order of esterification
acivity from highest to lowest is LCATszi6a, LCATom, and LCATwr. The S216A mutation
appears to result in LCAT activity that is almost 9 times that of wild-type LCAT, whereas the
double-mutant is 2-fold higher. WT: LCATwr, S216A: LCATs2164, 2M: LCATom.
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3.3 DISCUSSION

The primary subject of this thesis revolves around the hypothesis that
increasing the activity of the enzyme LCAT will result in an atheroprotective
lipoprotein profile. Furthermore, it has been shown that certain mutations in the
LCAT gene lead to a protein with higher activity than the wild-type variant. Taken
together, the first step in creating an atheroprotective LCAT variant in vivo is to test
whether indeed such mutations lead to increased enzymatic activity in vitro. In this
chapter I tried to verify the above in order to then go on to attempt to create the

mutations in situ.

In order to achieve this, site-directed mutagenesis was used to introduce the
Ser208-> Ala mutation into LCAT cDNA already containing the Ser216-> Ala amino
acid change. This change required a T->G point mutation, as had been introduced for
the S216A mutation, and was easily produced by the mutagenesis technique. The
purpose here was to have a cell line secreting the recombinant double-mutated LCAT
(LCAT>m) and to compare this to LCATs216a and wild-type LCAT, both of which were
already available in recombinant CHO cells. Recombinant LCAT secreted by CHO
cells is a good starting point for studies because it is comparable in glycosylation

structure and activity to human plasma LCAT [258].

The double-mutated cDNA was cloned into an expression vector containing
the DHFR gene and transfected into CHO cells deficient in this gene, so that this
property of the vector could be used as a selection method. The selected cells were
analysed by RFLP to confirm the presence of the double-mutated LCAT ¢cDNA, then
eight single cells were successfully expanded. All eight clones were analysed for
LCAT secretion by Western blotting and the highest producer selected for further
studies.

Once, all three cell lines were ready, conditioned medium was collected for
analysis of secreted LCAT. The first observation that can be made regarding the
recombinant cells is that there is a great variation in LCAT production between
LCATwr and the mutated LCAT variants. There are several possible explanations for
this phenomenon. The first has to do with the fact that transfected DNA can integrate

into genomic DNA at different locations or more than one location [261]. Moreover, it
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is difficult to know how many copies of cDNA exist in a recombinant cell line or if
they are transcriptionally active. The second reason for lower protein quantity could
be related to changes in the secondary structure of the protein resulting from the
amino acid substitution, leading to reduced secretion. Francone and Fielding [122]
mention that the S216A substitution leads to loss of a turn preceding the sequence
containing amino acid 216, though this does not cause a reduction in protein
secretion. Qu et al. [125] also found no significant difference in secretion from wild-
type LCAT when the serines were replaced. Furthermore, they state that the serine to
alanine replacements have no effect on N-glycosylation of adjacent asparagines
residues. One way of testing this possibility would have been to perform Western
blotting on lysates of the recombinant CHO cells. Detection of greater amounts of
LCAT protein in lysates would have suggested that LCAT is being synthesised but
secretion is hampered by structural changes. Another possible reason for reduced
protein secretion could be that the mutant proteins are more unstable, and are
therefore degraded more rapidly, though, again, Francone and Qu’'s work examining
the S208A and S216A mutations did not find this to be the case. Also, the only O-
glycosylation sites in LCAT are at Thr407 and Ser409 [261a], distant from the 208 and
216 sites, and therefore unlikely to be affected by amino acid changes here. It appears
to be most likely that the cause of protein quantity differences is due to variation in

cDNA copy between the three cell lines.

The results acquired by the activity assays performed here are not ideal. The
specific activities, though different for each LCAT variant, are numerically low. The
most likely reason for this is a suboptimal substrate. For the estimation of LCAT
activity, different substrate methods exist, but two main types are commonly used.
The endogenous self-substrate method uses plasma as substrate and enzyme to
measure the endogenous cholesterol esterification rate, and therefore is not
appropriate for the purposes of the work presented here. The exogenous common-
substrate method uses heat-inactived plasma or artificial liposomes as substrate, as

was done in this study.

It has been shown that plasma is not an efficient substrate for LCAT [262],
besides which components can change from sample to sample, therefore resulting in
inconsistent measurements. Thus the most appropriate substrate for testing
recombinant LCAT is an artificial one formed by combining PC, cholesterol and

apoAl, essentially reconstituted HDL (rHDL). In order to be able to track the
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conversion of free cholesterol to cholesteryl esters, a H-labelled cholesterol is also

included in the proteoliposome mix.

The molar ratios of PC:cholesterol:apoAl have been varied in many
publications in attempts to produce a good substrate [263, 264] but the protocol used
for the experiments presented here is adapted from that of Chen and Albers [257].
They found that the best LCAT activity was evident with an egg-PC:cholesterol:apoAl
. molar ratio of 250:12.5:0.8. They showed that varying the lecithin:cholesterol ratio had
a direct effect on LCAT activity. Matz and Jonas [265] showed that varying the PC
type also has an effect on the enzyme’s activity, with egg-PC being a superior acyl
donor to dipalmitoyl-PC or dimyristoyl-PC.

Cholate is used in substrate formation to disperse the apoAl and is then
removed by dialysis, as it is an inhibitor of LCAT. Complete removal of cholate from
the substrate is therefore very important, and Chen and Albers found that after 18 h
of dialysis 99.9% of cholate was removed. Our protocol has approximately 20 h of
dialysis followed by incubation of the substrate with amberlite XAD-2 ion exchange
beads to ensure complete removal of the cholate. This step was added because
prolonging the dialysis time can result in unstable liposomes. Nevertheless, tests of
the substrate performed in our lab before and after use of the amberlite beads did not

show a significant improvement.

Another possible reason for reduced activity with the substrate is an extended
storage time. Our substrate was kept at -20°C for many months, which may have had
an effect on the stability of the liposomes. Undisturbed substrate should remain
unchanged if stored frozen, but the longest time period that has been examined is 5
weeks [257]. Although our method of substrate preparation should produce liposome
vesicles when vortexing the mixture with cholate, sonication could possibly improve
particle formation and thus substrate quality. This method has been used in the past
for LCAT substrate preparation [266] and could be of benefit where improved

performance of substrate is necessary.

In conclusion, modification of the substrate formation protocol may have
resulted in higher LCAT activities than the ones observed for the comparative
experiments performed in this chapter. Additionally, a larger sample size may have
helped give statistically significant data. Despite this fact and the differences in
quantity of protein secreted, the mutated LCAT variants appeared to be active. The
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method used to determine the specific activities of each enzyme was meant to give
purely comparative insight into the effect of the mutations. It is therefore not possible
to draw a parallel between published activity levels and these individual results.
Nevertheless, the specific activities obtained here point in the direction of previously
reported findings. Qu et al. [125] found that the S216A mutation doubled the specific
activity compared to wild-type, whereas Francone and Fielding [122] observed a 14-
fold increase of activity for the same mutation. The results of this study were
somewhere between the two, with approximately 9 times higher specific activity
observed for LCATszsa.

With regards to the S208A + S216A double mutation, no publications currently
exist to corroborate my findings. Although again, higher activity was found here, this
was not as dramatic as the increase seen for the S216A mutation alone. The protein
region of the Ser208 and Ser216 is adjacent to the active site of the enzyme. It has
already been postulated that changing a serine to a more hydrophobic alanine may
aid binding of substrate [125], but the addition of a further alanine may alter binding
to phospholipids in an unfavourable manner. This would explain the reduction in
activity from the higher level seen with the S216A mutation alone, though the
reduction does not eliminate the beneficial presence of alanine at amino acid 216
completely. This is supported by the fact that there is still a nearly 2-fold increase
activity for the double mutant compared to wild-type.

Even though protein production was lower in the cell lines expressing the
mutants compared to wild-type LCAT, the same may not necessarily be true in vivo.
As discussed earlier, in vitro work leads to recombinant cell lines carrying
undetermined numbers of LCAT gene copies, which is not the case in vivo. Therefore,
the findings of higher specific activities for the mutant LCAT proteins could prove

realistic in vivo despite reduced LCAT secretion by recombinant cells in vitro.

The main aim of this project was to introduce the S208A and/or S216A
mutations into target cells in-situ using the technique of chimeraplasty, followed by
analysis of the properties and specific activities of LCAT secreted by these cells. The
project therefore began with experiments targeting HepG2 and CHO-LCATwr cells
with chimeraplasts aimed at mutating the LCAT gene (see Chapter 4). These
mutations proved difficult to achieve by chimeraplasty, and led me back to
mutagenesis as a method of creating mutations. Production of the LCAT double-

mutant allowed me to compare specific activities of three LCAT wvariants.
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Unfortunately, by this stage time was limited and problems in generating good
quality substrate did not allow me to delve deeper into analysis of the three LCAT
variants described in this chapter. Nevertheless, the experiments performed here
sufficiently support published findings on the LCAT S208A and S216A mutations to

justify attempting to create these mutations in situ using chimeraplasty.
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Chapter 4 -

Targeting the LCAT gene
by chimeraplasty using
standard procedures
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4.1 INTRODUCTION

As outlined in Section 1.3, two mutations in the LCAT gene were found to
cause structural and functional changes in the enzyme that result in an increase in its
activity [125]. These published findings were based on site-directed mutagenesis of
human LCAT cDNA and transient expression and analysis of the protein in CHO
cells. In Chapter 3 I followed the same method and my results support previous
findings that showed that the Ser208Ala and Ser216Ala mutations do indeed increase
LCAT enzymatic activity. Although this gives valuable insight into these two
mutations and expression in CHO cells makes it easier to study the protein, more
information can be gained by looking at expression of mutated LCAT in situ in a

human cell line.

One of the greatest advantages of the technology of chimeraplasty is its ability
to mutate genes in situ [199]. This eliminates the need to use site-directed
mutagenesis, avoids time wasted in constructing vectors containing the mutated
cDNA, and allows the cell to use the machinery that would naturally be used to
express and regulate the gene. Along with these merits is the fact that chimeraplasty
can correct the pre-existing gene rather than allow the errant gene to exist in the cell
while a corrected gene is added that would be expressed alongside the original one
(gene addition).

In this segment of my work, I attempted to use chimeraplasty to create the
Ser208Ala and Ser216Ala mutations, both in human LCAT ¢cDNA in CHO cells and in
the LCAT gene in the human hepatoblastoma cell line, HepG2. This was done with a
standard transfection protocol using PEI as the delivery agent. The aim was to
mutate the gene, collect the protein secreted into the culture medium, and then
analyse the enzyme to see whether indeed any increase in catalytic activity is

observed, as was done in Chapter 3 with LCAT from recombinant cells.

The standard protocol for transfection of chimeraplasts resulted from work in
our laboratory to target the apoE gene [191]. Recombinant CHO cells secreting
human apoE2 (containing amino acids Cys112 and Cys158) were converted to apoE3
(Cysl112 and Arg 158) using a chimeraplast that creates the mutation T->C resulting in
an amino acid change from cysteine to arginine. Concentrations of 100 to 1000 nM of
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a 68-mer or 88-mer chimeraplast, preincubated with PEI, were used to transfect the
CHO cells, which were harvested for analysis 24 hours later. RFLP analysis resulted
in several findings: 1) there is a dose-dependent response: 400 nM chimeraplast
results in a higher conversion than 200 nM; 2) repeat targeting of the same cells can
increase the conversion; and 3) increasing the length of the chimeraplast can increase
the conversion. These conclusions led to the design of my experiments with the

LCAT chimeraplasts.

4.2 RESULTS

4.2, 1 CHIMERAPLAST DESIGN

The chimeraplasts that were designed to target the 208 and 216 sites of the LCAT
gene followed the scheme previously used by this laboratory [186]. Previous
publications [179-183] and our own experience have shown that this structure was
adequate to achieve a nucleotide change of almost 40% with a concentration of 400
nM. The molecule is made up of 68 nucleotides, mostly DNA, with two 2'-O-methyl
RNA regions of 10 nucleotides each to stabilize hybridization with one strand of the
gene while the DNA segment starts the base exchange event of the gene repair on the
other strand. There is sequence complementarity between the RNA and DNA
segments so that the molecule can fold into a double-hairpin configuration, thus
avoiding nuclease digestion and concatenation of double-stranded molecules when
the chimeraplasts are transfected into cells. The oligonucleotide also contains a GC
clamp at the 3’ end, a short region supposed to confer a high melting temperature,
and four T residues at each end of the double-stranded part of the molecule to allow
the hairpin to form. The mutator base lies in the middle of the five DNA nucleotides
between the fwo RNA regions (Fig. 4.1). A BLAST search of the hybridizing sequence
was performed for the two chimeraplasts and found that there is a 100% match only
for human and monkey LCAT. In addition, a longer 80-mer molecule was produced,
extending the RNA regions and complementary DNA in both directions by 3

nucleotides.
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A Ser208

5’ - TTTATTGATGGCTTCATC(TCT)CTTGGGGCTCCCTGGGGT -3’
3’ - AAATAACTACCGAAGTAG(AGA)GAACCCCGAGGGACCCCA -5’

T - GGCGG - cuaccgaaguA GCG Agaaccccgag- T
T

T
T T
T- CCGCC; 5 GATGGCTTCAT CGC TCTTGGGGCTC- T

'

Ala208
5’ - TTTATTGATGGCTTCATC(GCT)CTTGGGGCTCCCTGGGG -3’
3’ - AAATAACTACCGAAGTAG(CGA)GAACCCCGAGGGACCCC -5’

B Ser216
5’ - GGCTCCCTGGGGTGGC(TCC)ATCAAGCCCATGCT -3’
3~ CCGAGGGACCCCACCG(AGG)TAGTTCGGGTACGA -5’

T - GGCGG - gggaccccacC GCG Guaguucgggu- T
T

T T
T - CCGCC;, 5, CCCTGGGGTGG CGC CATCAAGCCCA - T

:

Ala216
5’ - GGCTCCCTGGGGTGGC(GCC)ATCAAGCCCATGCT -3’
3’ -CCGAGGGACCCCACCGG(CGG)TAGTTCGGGGTACGA - 5’

Fig. 4.1: LCAT chimeraplast sequences.
Alignment of the synthetic 68-mer oligonucleotides with the target sequences in the human
LCAT gene (in black). The 2"-O-methyl RNA residues are in lowercase and the DNA residues
in capital letters. Nucleotides corresponding to the LCAT gene are in pink. Centre mutator
nucleotides within the chimeraplast are in bold. The targeted nucleotides in the LCAT gene
are underlined. Chimeraplast structure is discussed in Section 1.3.3.2. A: Ser208Ala
chimeraplast. B: Ser216Ala chimeraplast. The three nucleotides in italics on either side of the
underlined segment in the gene represent the ones added to make the 80-mer Ser216Ala

chimeraplast.
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4.2.2 ESTIMATION OF CHIMERAPLAST CONCENTRATION

In order to confirm that the concentrations of chimeraplast stated by the
manufacturer were accurate, an aliquot of each of the oligonucleotides was taken for
measurement of the OD2¢ by spectrophotometry. Measurements were performed in
duplicates and calculated both in pg/ul and pmol/pul (see Section 2.1.11), as both are
necessary to calculate quantities for transfections. The averages of the measurements
showed differences from the manufacturer’s concentrations, some quite significant
(Table 4-1). The results obtained by ODa were considered correct and used for

calculations in subsequent transfections.

S208A/68 | S216A/68 | S216A/80
MWG concentration (pg/pl) 25 24 2.6
Calculated conc. pg/pl 2.6 3.3 27
MWG concentration (pmol/ pl) 100 100 100
Calculated conc. pmol/pl 159 127 114

Table 4-1: Chimeraplast concentrations.
ODg¢o calculated concentrations of the three LCAT chimeraplasts in comparison with the
concentrations stated by the manufacturer (MWG). S208A/68 and S216A/68 refer to the 68-
mer chimeraplasts, while S216A/80 refers to the 80-mer chimeraplast.
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4.2.3 TRANSFECTIONS USING THE FIRST BATCHES OF SER208ALA AND

SER216ALA 68-MER CHIMERAPLASTS

4.2.3.1 Preliminary transfections using a standard protocol

The first experiments used a protocol previously shown to work in our
laboratory, and found adequate to induce gene conversion when targeting the APOE
gene. HepG2 cells were seeded in 12-well plates 24 h before transfection. On the day
of transfection cells were approximately 70% confluent. The transfection complexes
were made up of 400 nM of either of the two oligonucleotides (Ser208Ala or
Ser216Ala), L-PEI at an N:P ratio of 5:1, and 150 nM NaCl. These were mixed together
and left to incubate at room temperature for 10 min, then added to the cells. After 6 h,
the cells were washed once in PBS and maintenance medium was added. Analysis of
the transfection was accomplished by harvesting the cells after 24 h, extracting DNA,
and performing PCR-RFLP. Tagalakis and colleagues [186] showed that PCR results
of chimeraplasty experiments (here, to convert apoE4 to apoE3) are not artefactual by
spiking PCR reactions with either intact chimeraplasts or with DNA from CHO cells
secreting apoE4. PCR-RFLP analysis was therefore considered a valid method of
analysis for chimeraplasty experiments.

PCR was performed using the LCAT genomic primers for HepG2 DNA and
generated a 240 bp band (see Section 2.1.3). PCR products from DNA of cells treated
with the Ser208Ala chimeraplast were digested with the restriction endonuclease
Mwol, while those from DNA of cells treated with the Ser216Ala chimeraplast were
digested with Cfol. For the RFLP, in each case a base change results in the addition of
a restriction site. The expected electrophoresis patterns are illustrated in Fig. 3.4
(Chapter 3). No base change was observed for targeting in HepG2 cells with either of
the two chimeraplasts (results not shown).

HepG2 cells were thought to possibly be more difficult to transfect than CHO
cells, therefore the experiment was repeated in CHO-LCATwr cells. Cells were
prepared and treated in the same way as the HepG2 cells, and collected for analysis
after 24 h. PCR used the LCAT cDNA primers and generated a 230 bp band. Digests
of the PCR products were performed as before (for pattern see Fig. 3.4). Again, no
conversion was detected using either of the chimeraplasts (Fig. 4.2).
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4.2.3.2 Transfections with the addition of chloroquine

The standard protocol having failed, it was thought that the addition of
chloroquine would improve transfection efficiency by raising lysosomal pH and
therefore protecting endocytosed DNA from degradation [221]. CHO-LCATwr cells
were prepared as before, as were the transfection complexes (400 nM chimeraplast
and L-PEI at an N:P ratio of 5:1), but chloroquine at a final concentration of 100 uM
was added to the cells 5 min prior to the addition of the oligonucleotide-PEI mix.
Cells were then incubated for 6 h with the mix and harvested 24 h later. PCR-RFLP
analysis again showed a failure to produce a base change with either of the

chimeraplasts (results not shown).

4.2.3.3 Transfections with chimeraplasts at various concentrations

In order to determine whether a higher concentration is necessary for
chimeraplast activity to become apparent, both CHO-LCATwr and HepG2 cells were
targeted with the two chimeraplasts separately at concentrations ranging from 300 to
1200 nM, with PEI used at an N:P ratio of 5:1. Cells were treated with the
oligonucleotide-PEI complexes for 6 h, then harvested after 24 hours and DNA was
extracted. RFLP results showed that no base mutation had occurred at any of the
concentrations of chimeraplast used, in neither of the two cell lines targeted, and with

neither of the two 68-mer chimeraplasts (Fig. 4.3).

4.2.3.4 Transfections at various N:P ratios of PEI

Linear polyethylenemine (PEI) is a transfection reagent that has been shown to
work with relatively low toxicity and high efficiency. As was discussed in Section
1.3.4.3, the molecules are “proton sponges” with every third atom a protonable amino
nitrogen atom. This property allows the number of DNA molecules that can associate
with a molecule of PEI to vary greatly and the complexes produced when they are
mixed together can range from neutral to very positive. The variation in charge has
an effect on the delivery efficiency of PEI [208], but higher doses of PEI also lead to
increased toxicity for the cells. As the LCAT chimeraplast/PEI complexes failed to

produce a conversion at a N:P ratio of 5:1, I wondered whether this was not a lack of
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chimeraplast activity, but rather poor delivery caused by a sub-optimal N:P ratio for

the chimeraplast transfection.

Both HepG2 cells and CHO-LCATwr cells were targeted with 400 nM
chimeraplast (either Ser208Ala or Ser216Ala) with a PEI N:P ratio ranging from 4:1 to
9:1. The cells were transfected as before and incubated for 6 h, followed by harvesting
for RFLP analysis after 24 h. All samples were analysed, except for the cells targeted
with the 9:1 ratio, because by 4 h incubation over 95% of the cells had died. RFLP
analysis showed that again no mutation had occurred at any of the N:P ratios, in

neither of the cell lines, and with neither of the chimeraplasts (results not shown).

To ensure that there was no combined N:P ratio and chimeraplast concentration
effect, cells were also targeted with up to 1000 nM of oligonucleotide while varying
the N:P ratio. Unfortunately this again had no effect in producing gene conversion
(results not shown).

4.2.3.5 Transfections with the addition of centrifugation

Gentle centrifugation of the cells after addition of chimeraplast-PEI complexes
has the purpose of increasing contact between the complexes and the cell surface.
Cells were transfected with either 400 nM or 800 nM chimeraplast (either Ser208Ala or
Ser216Ala) and L-PEI at a N:P ratio of 5:1, as before. Immediately after the addition of
the complexes to the cells, the plate was spun at 400 g for 5 min. Incubation was then
continued for 6 h as previously done. PCR-RFLP analysis again showed no success in

converting the gene with either of the chimeraplasts (results not shown).

4.2.3.6 Repeated targeting of cells with chimeraplasts

The next experiment tried to determine whether repeated targets on the same
cells would result in a conversion due to a cumulative effect of the chimeraplast’s
action. If a conversion occurred, it would show that transfection efficiency was
indeed the problem in the first series of experiments, or that the chimeraplasts have a

very poor activity, which can be improved by repetitive treatments.
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For this experiment, HepG2 cells were targeted 5 times using 800 nM of each
chimeraplast, at a PEI N:P ratio of 5:1. Cells were detached from their wells by
trypsinisation after 24 h, 10% were re-plated to grow on, and the rest were harvested
for analysis. The retained cells were allowed to grow for at least 7 days between each
targeting, with the same transfection conditions repeated each time. Again, even after
the 5t targeting no conversions were detected by RFLP (Fig. 4.4A4). This was
confirmed by sequencing, which showed no evidence of a conversion from T->G (Fig.

4.4B).
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Ser208Ala Ser216Ala

U 15 M L U T M
150 bp —> 144 bp
101bp __, 85 bp
9bp —*= 76 bp
68 bp

49bp —

Fig. 4.2: Preliminary targeting of CHO-LCATwr cells with Ser208Ala and Ser216Ala
chimeraplasts.
Cells were targeted with 400 nM of each oligonucleotide in combination with L-PEI (N:P ratio
= 5:1), incubated for 6 h, and harvested for analysis after 24 h. The gel shows that for each of
the chimeraplasts there is no appearance of the diagnostic third band, indicating failure of the
chimeraplast to create a mutation. L: 10 bp ladder. U: untreated cells. T: chimeraplast-
treated cells. M: RFLP of CHO-LCAT:m cells (containing both Ser208Ala and Ser216Ala

mutations) as a positive control.
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U 300 600 900 1200 L U 300 600 900 1200 L

160 bp 155 bp

80 bp
85 bp

C
101 bp 150 bp
79 bp 79 bp
49 bp
D
144 bp
85 bp
76 bp 85 bp
68 bp

Fig. 4.3: Transfections at increasing concentrations.
HepG2 and CHO-LCATwr cells were targeted with 300, 600, 900 and 1200 nM of
chimeraplasts Ser208Ala/68 and Ser216Ala/68, which has been complexed with L-PEI. The
cells were incubated with the complexes for 6 h, then harvested for analysis 24 h later. The
gels show the results of RFLP analyses. A: HepG2 cells targeted with Ser208Ala/68. B:
HepG2 cells targeted with Ser216Ala/68. C: CHO-LCATwr cells targeted with Ser208Ala/68.
D: CHO-LCATwr cells targeted with Ser216Ala/68. L: 10 bp ladder. U: untreated cells. M:
CHO-LCATom cells (containing both Ser208Ala and Ser216Ala mutations) as a positive

control. All four images show absence of a diagnostic third band, indicating failure to mutate

the gene.
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155 bp

85 bp

Ser208Ala/68

Ser216Ala/68

Fig. 4.4: Retargeting of HepG2 cells with LCAT chimeraplasts.

A: RFLP results of the repeated (T1 to T5) transfection of HepG2 cells with S216A/68
chimeraplast. Cells were targeted with 800 nM chimeraplast and L-PEI (N:P ratio = 5:1).
Twenty-four hours after each target, 10% of cells were left to grow on for at least a week before
retargeting. The diagnostic third restriction fragment is missing, indicating failure to mutate.
L: 10 bp ladder. B: Sequencing of PCR products from analysis of cells following the 5t
retarget with either Ser208Ala/68 or Ser216Ala/68. Gene correction by the chimeraplasts
would have changed the T (circled) to a G at both 208 and 216 sites.
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4.2.4 REPEAT TRANSFECTIONS USING AN 80-MER SER216ALA
CHIMERAPLAST

A new chimeraplast was ordered, of a similar structure to the 68-mer S216A
chimeraplast, but containing 3 more nucleotides at each end of the LCAT targeting
region (Fig. 4.1). It was previously shown in our laboratory that for apoE
chimeraplasty, extending the length of the chimeraplast from 68-mer to 88-mer
increases conversion efficiency by almost 10% [191]. Therefore, in the case of LCAT, it
was thought that this longer structure might enhance the chimeraplast’s ability to
function within the LCAT gene. This chimeraplast was termed Ser216Ala/ 80.

4.2.4.1 Transfections at increasing concentrations

Both HepG2 and CHO-LCATwr cells were targeted in the same manner as
previously described at concentrations ranging from 300 to 1200 nM of chimeraplast,
with L-PEI at a N:P ratio 5:1 and with a centrifugation step included. No gene
conversion was detected in either cell line by PCR-RFLP (results not shown).

4.2.4.2 Retargeting of cells with Ser216Ala/80

As with the 68-mer chimeraplasts, HepG2 cells were targeted with 800 nM
Ser216Ala/80 at a PEI N:P ratio of 5:1. After 24 h, 10% of the cells were left to grow
on and retargeted after 7 days. This was repeated 5 times. Again, there was no

success at conversion as judged by RFLP analysis (results not shown).

4.2.5 ANALYSIS OF CHIMERAPLASTS BY ELECTROPHORESIS

The chimeraplasts were resolved on a TBE-urea gel as described in Section 2.1.1
in order to assess whether the structures were intact. A single band of the correct size
(68 or 80 nt) would suggest that the chimeraplast molecules are not degraded. If
degradation of the molecules were observed, this might explain why no gene
mutating activity had yet been observed for the 3 chimeraplasts tested. Degraded

oligonucleotides would appear as a smear rather than a distinct band.
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Aliquots of the oligonucleotides were prepared as described in Section 2.1.1.
Fig. 4.5 shows the resulting gel. None of the chimeraplasts appeared as distinct single
bands that would represent intact molecules all of the same size. Moreover, the 80-
mer chimeraplast was expected to appear slightly higher on the gel than the 68-mer

molecules because of its larger size; this was in fact not observed (Fig. 4.5).
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GE-maer 80-mer?

Fig. 4.5: TBE-urea gel of the LCAT chimeraplasts.
Chimeraplasts were mixed with sample buffer, heated at 96°C for 10 min and then loaded into
a precast 15% TBE-urea gel. The samples were run in parallel with a 41-mer single-stranded
oligonucleotide (SSON). All three chimeraplasts show signs of degradation, with smearing
above and below the 68-mer level. The 80-mer chimeraplast shows the densest band at the 68-
mer level, rather than at a higher level consistent with its larger size. Molecules of good

quality should appear as distinct bands with no smearing, as seen for the SSON.
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4.2.6 TRANSFECTIONS WITH A SECOND BATCH OF SER216ALA 68-MER
CHIMERAPLAST

The results of the previous section lead to the assumption that the
oligonucleotides that were synthesized by MWG-Biotech were not active, most
probably because the molecules were not structurally intact. This led to the order of a
new 68-mer Ser216Ala chimeraplast (Ser216Ala/II), though this time from Eurogentec
rather than MWG-Biotech. A gel produced by the manufacturer shows a single
distinct band for the chimeraplast (Fig. 4.6).

To test whether this oligonucleotide could produce a mutation, HepG2 cells
were targeted using chimeraplast concentrations up to 1500 nM with a PEI N:P ratio
of 5:1. Cells were also targeted with 800 nM chimeraplast and 100 uM chloroquine
(as described in Section 4.2.3.2). Cells were spun at 275 g for 2 min and incubated with
the complexes for 4 h before being harvested for analysis 24 h later. Again, no

conversion was detected by PCR-RFLP (results not shown).

4.2.7 TRANSFECTIONS WITH A THIRD BATCH OF SER216ALA 68-MER
CHIMERAPLAST

The Eurogentec synthesis yielded a low quantity of chimeraplast (approximately
500 pg whereas previously the yield was at least double this amount). The
manufacturer’s sister company, Oswel, therefore offered to synthesize another batch
of the Ser216Ala chimeraplast (Ser216Ala/III) to make up the difference. As this was
a completely new synthesis, it could not be assumed that the activity of the new
reagent would be the same, therefore the same experiments that were described in
Section 4.2.6 were repeated with the new batch. Once more, the reagent failed to

generate a mutation in HepG2 cells, even at high concentrations (results not shown).

In order to gain further insight into a possible reason for repeated failures, the
Eurogentec and Oswel chimeraplasts were also visualised by electrophoresis.
Interestingly, when viewed in parallel with a 68-mer chimeraplast aimed at targeting
a different gene, both the Ser216Ala reagents appear to have the densest band slightly
lower than the level expected for 68-mer (Fig. 4.7).
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S216A/68 L

68-mer ---

Fig. 4.6: Electrophoresis of Eurogentec Ser216A1a/68 chimeraplast.
Gel provided by the manufacturer on delivery of the synthesized chimeraplast. The
oligonucleotide appears to be of relatively good quality, with little smearing and a distinct
band consistent with a molecule size of 68-mer. L, ladder.
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S216A/68

68-mer
41-mer

Fig. 4.7: Electrophoresis of 2" and 3" batches of Ser216Ala/68 chimeraplasts.
Chimeraplasts were again visualised on a 15% TBE-urea gel. The Eurogentec and Oswel
reagents appear as dense bands with not much smearing, but at a level slightly lower than that
of the 68-mer chimeraplast to target the apolipoprotein Al gene (AIP). SSON: 41-mer single-
stranded oligonucleotide.
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4.3 DISCUSSION

Two mutations in the LCAT gene, Ser208Ala and Ser216Ala, have the
potential to increase the enzyme’s atheroprotective properties. The technology of
chimeraplasty uses in situ gene editing to repair or create point mutations. LCAT is a
target gene that would benefit from gene editing using chimeraplasty. Two 68-mer
chimeraplasts were designed and synthesized with the aim of directing in situ gene
editing within the LCAT gene at two sites, serine 208 and serine 216, to effect in each
case a T->G base change that would result in an amino acid switch from serine to
alanine. The chimeraplast design followed the same scheme used since the
introduction of chimeraplasty in 1996 [179], and this design had already been used
successfully in our laboratory on a molecule destined to mutate the APOE gene [191].

Upon receipt of the chimeraplasts, their concentrations were measured
and showed differences from the expected ones as stated by the manufacturer. It is
possible that the quantity of chimeraplast synthesized was underestimated by the
producer. Nevertheless, the new concentrations were taken into consideration when
transfections were performed and my calculated values were used rather than the

manufacturer’s.

A protocol that was successful in targeting the APOE gene by
chimeraplasty was followed to perform a preliminary transfection of HepG2 cells
with each of the LCAT chimeraplasts. The first transfections attempted to establish
whether the molecules were able to create the intended mutations using conditions
that were optimal for the ApoE chimeraplasts. At 400 nM concentration and a
standard amount of L-PEI, neither of the two oligonucleotides managed to show a
mutation using RFLP analysis. Due to the fact that transfection efficiencies can vary
between cell types, recombinant CHO cells carrying LCAT cDNA (CHO-LCATwr)
were also transfected, but again the results were negative. Experimentally,
transfection- efficiency was difficult to estimate. Performing pGFP transfections in
parallel would not necessarily be an indicator of efficiency for a chimeraplast
transfection. The lack of success could have been attributed to problems at the level

of delivery or at the level of chimeraplast action within the gene.

To try to improve delivery, chloroquine was added to the next

transfection. This reagent raises the pH of lysosomes, therefore inactivating
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lysosomal enzymes and in so doing protecting DNA that has been taken up by the
cell [221]. Chloroquine has been shown to improve transfection efficiency by up to 20
times in both HepG2 and CHO cells [221, 226]. Nevertheless, when used to try to
enhance the efficiency of transfection of oligonucleotides into CHO-LCATwr cells,

results remained negative.

The next logical experiment was to evaluate a range of chimeraplast
concentrations. Until now the only concentration used was 400 nM, which could be
insufficient to mutate the LCAT gene. Cells were transfected with increasing
concentrations of the two oligonucleotides, up to 1200 nM. This limit was set because
the amount of PEI that was required to produce the transfection complexes at higher
concentrations became toxic to the cells. While chimeraplasts directed at other genes
showed activity at 200 and 400 nM [182, 183, 191], here no mutation appeared even at
concentrations as high as 1200 nM. The problem did not appear to be a matter of cell
type, because both HepG2 and CHO-LCATwr cells produced the same result.

At this stage, several explanations could be envisaged to explain the
results. Firstly, failure could have been at the level of DNA delivery into the cell. If
transfection efficiency was the problem, modifications to the way the DNA/PEI
complexes were formed might help. It is widely accepted that different cell lines can
have different transfection efficiencies with the same delivery reagent [267,268]. A
second difficulty might be at the level of the chimeraplast’s interaction with the gene
in the nucleus. The conformation of the gene within that section of chromosome
might create physical barriers to the oligonucleotide hybridising with the target
region. This is a possible explanation for failure to mutate in HepG2 cells, but is more
difficult to explain in the case of CHO-LCATwr cells because here the location of the
LCAT cDNA is different to the genomic location and cells may even contain more
than one copy of the cDNA in several locations. Alternatively, the sequence to which
the target region was to be mutated (e.g. TCT>GCT) could be the reason for failure
to mutate, as studies have shown that certain mismatches are more readily repaired
than others [193]. Table 1-5 lists all major publications with successfully
chimeraplast-mutated genes and the specific nucleotide change involved in each one.
None of these involves a T>G mutation such as in LCAT and therefore it may be that
this mutation is one that is less amenable to chimeraplast action. Thirdly, the fault
may lie with the chimeraplast itself, as its quality may be poor and thus it may be

non-functional even though it is able to make its way into the nucleus.
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In order to tackle the first of these possibilities, a series of transfections
were performed where the only variable was the amount of PEI used in the DNA /PEI
complexes, with the concentration of chimeraplast remaining constant. The decision
to use L-PEI as the delivery reagent was based on results shown in several recent
papers [228, 231, 269, 270] as well as successful chimeraplasty work performed in our
laboratory. Although the manufacturers of Exgen 500 state that transfections can be
performed with a N:P ratio of up to 12, experiments performed here showed that at a
ratio of 9:1 significant toxicity was evident. Furthermore, the cells that did survive (at
ratios 8:1 and below) still showed no signs of having been affected by the
chimeraplasts. A further small modification, the addition of a centrifugation step
after addition of the DNA/PEI complexes in order to enhance contact of the
complexes with the cells, also proved futile. At this stage it was still not clear where
the problem lay: with transport, gene, or chimeraplast.

The next idea was to see whether the activity of these chimeraplasts was so
weak that a mutation was present but below the detection level picked up by RFLP.
Several groups reported very low conversion rates that were below the sensitivity of
RFLP analysis [184, 187, 271]. Could amplification by repeatedly targeting the same
cells to create a cumulative effect bring the mutation level up high enough to be
detectable by RFLP? HepG2 cells were targeted 5 times over, but even though cells
were analysed after each retarget, by the fifth time there was still no apparent
mutation, and this was confirmed by sequencing. Assuming the oligonucleotide
molecules were reaching the nucleus, three scenarios were now possible: 1) failure to
see gene mutation was still due to conversion levels being below RFLP detectability;
2) at each target most of the successfully transfected cells died because of DNA/PEI
toxicity, leaving only the untransfected cells to be retargeted, and thus each targeting
event was individual, not cumulative; 3) the chimeraplasts had no gene correction

ability.

Having attempted variations of all the elements involved in the
transfection, it was now time to look at the chimeraplast itself. In order to tackle the
possible failure of the experiments due to lack of chimeraplast activity, a longer
oligonucleotide was designed for the Ser216 target because it had been shown with
the apoE2->E3 chimeraplast that elongating the oligonucleotides to 80-mer increases
the strength of the hybridisation with the target site and therefore improves chances

of a mutation occurring [191]. With this intention, transfections were repeated using
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similar conditions as were done with the 68-mer oligonucleotides. Unfortunately, the
improved hybridisation ability did not aid in achieving a gene conversion at the
serine 216 site, despite high concentrations of reagent being put on the cells.

Retargeting up to 5 times also showed no improvement by a cumulative effect.

To go back to the three possible reasons for lack of success in targeting the
LCAT gene so far, delivery was still an option. Though chloroquine and various
DNA/PEI complex charges were looked at, uptake of DNA by the cell nucleus is still
poorly understood. It could therefore be assumed that there was still place for
optimisation of delivery into the cell. If indeed the limiting factor in achieving gene
conversion is poor access to the target within the nucleus or sequence-specific poor
hybridisation, then more investigation is necessary to gain better understanding of
gene location and interaction of oligonucleotides with target sequences, though this is

a difficult task.

I decided to first look at the third option, quality of the synthesized
oligonucleotides. The simplest way to do this initially was by visualising the
molecules on a gel. A synthesis of good quality should contain molecules that are all
the same size, demonstrated on electrophoresis by a single band. The appearance of
several bands or smudges would indicate that there are molecules that have become
degraded. When I examined my three chimeraplasts (two 68-mer and one 80-mer) I
found that the 68-mer oligonucleotides were partially intact but also showed signs of
degradation, while the 80-mer reagent showed few molecules at the electrophoresis
level that should correspond with 80 nt. This result could partially explain the failure
of the previous experiments. If this was the condition of the reagents when they were
transfected into cells, only a percentage of all the molecules present were structurally
intact, therefore reducing the chances of gene correction occurring. Synthesis of
RNA/DNA oligonucleotides as they are designed for chimeraplasty is more
complicated than the synthesis of DNA oligonucleotides because of the modified
RNA segments. It may be that the process of purification following synthesis

somehow damages the molecules and renders them inactive.

In order to verify whether indeed reagent quality was the limiting element,
a new Ser216Ala chimeraplast was ordered, though from a different company this
time (Eurogentec), to see whether synthesis and purification method differences had
an effect on the activity of the oligonucleotides. Experiments were repeated in HepG2

cells: increasing concentrations up to 1500 nM, using chloroquine and introducing a
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centrifugation step, but again gene correction failed. Due to the fact that the
Eurogentec synthesis resulted in a small batch, the company offered us the
opportunity to acquire another batch of the Ser216Ala chimeraplast, this time
synthesised by their sister company, Oswel. The same experiments were once again

undertaken in HepG2 cells, with failure resulting once more.

Electrophoresis of the Eurogentec and Oswel reagents revealed that once
again there was a problem with the molecules. Although smearing was not
widespread, the densest band visible for both oligonucleotides was just below where
it should have been for a molecule of 68-mer length. Again, this could explain the
lack of gene correction due to a very low number of intact and hence viable molecules
reaching their expected destination. Nevertheless, other chimeraplasts have been
shown to work at quite low transfection concentrations. If at high concentrations, for
example 1500 nM, of poor quality reagent chimeraplast activity is still not seen, could
optimising delivery be the key? In this case, it would be worthwhile to do this
specifically for HepG2 cells targeted with chimeraplasts. The next chapter deals with
this subject.
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Chapter 5 -

Optimisation of
chimeraplast delivery
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51 INTRODUCTION

In Section 1.4 of the introduction chapter it was noted that transfection
efficiencies with a given reagent can vary from cell line to cell line. Ultimately, the
target cells of this study are hepatic cells, and in vitro the cell line that was most used
was the human hepatoma cell line HepG2. In the last chapter I showed that
transfecting these cells with the LCAT chimeraplasts using a standard protocol was
unsuccessful. Therefore it was considered important to determine which transfection

reagent could produce optimal conditions for transfections with chimeraplasts.

To this end, polyethylenimine (PEI) and several of its conjugates were
examined with regards to transfection efficiency. PEI has been the subject of many
papers, but the great majority discuss its ability to transfect plasmid DNA. Only a
few publications show the value of using a modified PEI to transfect cells with
RNA/DNA oligonucleotides [197,273]. My investigation began by looking at basic
PEIs: comparing linear PEI (most commonly used) and branched PEI. Next, I looked
at the value of treating cells with chloroquine before transfection. Conjugated PEIs
that enter the cell via receptors were also examined: Galactose-PEI and Galactose4-PEI
via the asialoglycoprotein receptor [238], and Transferrin-PEI via the transferrin
receptor [234]. Lastly, PEI conjugated to melittin was examined to see whether this

might enhance nuclear access.

Analysis of these experiments was by two methods: RFLP and fluorescence
activated cell sorter (FACS). RFLP examined the ability of a chimeraplast of known
activity to create the required point mutation using the various transfection reagents.
FACS analysis investigated the delivery aspect of transfection, by targeting cells with
a fluorescently-labelled chimeraplast, isolating the cell nuclei after a number of hours,
and counting the number of fluorescent nuclei to indicate the percentage of cells

successfully transfected.
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5.2 RESULTS

5.2.1 CHIMERAPLAST DESIGN

In order to perform gene conversion experiments that were reproducible, a
chimeraplast of validated activity was necessary. Two chimeraplasts were chosen
that target the apolipoprotein E (APOE) gene, converting it from the wild-type
genotype apoE3 to either the apoE2 genotype, a C>T mutation at amino acid 158, or
to the apoE4 genotype, with a T->C mutation at amino acid 112. The chimeraplasts
were designed based on the E2->E3 chimeraplast published by Tagalakis et al. [191]
and were termed E3->E2 and E3->E4 respectively. Fig. 5.1 shows the sequence of
apoE in the genomic target region and the sequence of the E3->E2 and E3->E4
chimeraplasts. The E3->E2 chimeraplast was already established to be active in
experiments previously performed by Dr. Zahra Mohri in our laboratory, targeting
HepG2 cells amongst other cells, with conversion demonstrated by RFLP at
concentrations as low as 200 nM of similar efficiency as the E2->E3 chimeraplast.

For the chimeraplast uptake studies, a similar chimeraplast was used, bearing
an identical sequence to E3->E2, with the addition of fluorescein at the 3’ end of the
oligonucleotidé (termed FE3-»E2). The fluorescence would enable a study of
chimeraplast uptake into the nucleus, measured by flow cytometry counting of
fluorescent nuclei.  All three chimeraplasts were synthesized by MWG-Biotech.
Oligonucleotides were delivered in powder form and suspended in nuclease-free
distilled water to a concentration of 100 pM, gently mixed, then batched into small
aliquots and stored at -80°C.
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A Arg158
5- GACCTGCAGAAG (CGC) CTGGCAGTGT- 3
3- CTGGACGTC TTC (GCG) GACCGTCACA -5

T -GGCGG - cuggacgucu TCACG gaccgucaca -T

T T
T T
T - CCGCC, ;GACCTGCAGA AGTGC CTGGCAGTGT - T
{
Cys158

5 - GACCTGCAGAAG(TGC)CTGGCAGTGT-3
3" - CTGGACGTCTTC(ACG)GACCGTCACA-5’

B Cys112

5- ATGGAGGACGTG (TGC) GGCCGCCTGG -3
3- TACCTCCTGCAC (GCG) CCGGCGGACC -5

T -GGCGG - uaccuccugc ACGCG ccggeggace - T
T T
T T
T-CCGCC, ATGGAGGACG TGCGC GGCCGCCTGG-T
$

Arg112
5 - ATGGAGGACGTG(CGC)GGCCGCCTGG -3’
3 - TACCTCCTGCAC(GCG)CCGGCGGACC -5

Figure 5.1: Sequence of the E3 2E2 and E3 ?E4 chimeraplasts.
The chimeraplasts are 68-mer oligonucleotides (in blue) that can fold onto themselves using
the two gene-specific regions that are homologous to the underlined area of the human apoE
sequence (in black). The 5" end of the chimeraplast is the complementary region to the target
DNA. Further past the first polyT loop are two 2’-O-methyl RNA regions (lowercase)
separated by the DNA mutator region, with the required nucleotide change (bold) at its centre.
At the 3" end is the GC clamp. A: The E3-2E2 chimeraplast, where the C>T mutation
changes an arginine to a cysteine. B: The E3 -?E4 chimeraplast, where the reverse occurs at a

different gene location: T >C mutation resulting in a change from cysteine to arginine.
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5.2.2 PRELIMINARY ANALYSIS OF TRANSFECTION REAGENT EFFICIENCY

USING FLUORESCENCE MICROSCOPY

5.2.2.1 Melittin-PEI and Galactose4-PEI are best at transfecting
plasmid DNA

Before commencing experiments with the chimeraplasts, I wanted to have a
visual idea of what the differences in activity were between the modified PEIs when
compared to linear PEI (L-PEI). The easiest way to do this was to transfect cells with a
plasmid containing the green fluorescence protein (GFP) gene, as successfully
transfected cells can then be easily visualised by fluorescence microscopy. HepG2
cells were seeded in 24-well plates the day before transfection. The next day, wells
were treated with complexes made up of pGFP, HBS and one of the following
reagents: L-PEI, Melittin-PEI 25-kDa, Melittin-PEI 2-kDa, Galactose-PEI, Galactose4-
PEl, or Transferrin-PEl, each at a N:P ratio of 5:1, as described in Section 2.3.5.
Complexes were left for 20 min at room temperature, then added to the cells, the
plates were spun gently, and the cells were left for 4 h before medium was changed.

The cells were analysed by fluorescence microscopy the next day.

Fig. 5.2 shows that for the 6 reagents used for transfecting plasmids, clear
differences were visible in numbers of fluorescent cells. Melittin-PEI 25-kDa (Mel-
PEI/25) and Galactose4-PEI (Gal4-PEI) appear to be the most efficient delivery agents,
with L-PEI following behind. Melittin-PEI 2-kDa (Mel-PEI/2), Galactose-PEI (Gal-
PEI) and Transferrin-PEI (Tf-PEI) were the weakest reagents.

5.2.2.2  Linear PEI is superior to branched PEI at delivering plasmid
DNA

The only non-conjugated reagent to be examined other than L-PEI was an 800-
kDa branched PEI (B-PEI). In general, polymers of such a large size are regarded as
having a lower transfection efficiency than reagents under 70-kDa [249], but all
experiments were previously conducted on plasmid DNA. I began here by verifying

these findings and then looking at whether chimeraplast transfections showed similar
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results. Again, HepG2 cells were transfected 24 h after seeding, with complexes made
of pGFP, HBS and either L-PEI or B-PEI, which were allowed to form for 20 min
before being added to the cells. Cells were then spun as before, incubated for 4 h, and
after changing the medium, cells were observed the next day. Fluorescence
microscopy clearly showed a larger number of fluorescent cells in the well transfected

with L-PEI than with B-PEI (Fig. 5.3A).

5.2.2.3 Large DNA/PEI aggregates result in better gene delivery than

smaller particles

It has been shown that when certain solutions are used to create DNA/PEI
complexes the result is small particles, while others tend to form large aggregates.
This can have an effect on delivery efficiency [250]. When HEPES is used for this
purpose, it creates small particles of DNA and PEI, while HEPES buffered saline
(HBS) creates larger complexes. In parallel to the experiment described in Section
5.2.2.2, 1 looked at the same factors but changed the HBS to HEPES to see if a
difference would be visible. Fig. 5.3B shows that using HBS clearly results in a better
transfection, therefore proving that for plasmid transfections larger aggregates result
in higher uptéke of DNA/PEI complexes. For this reason, it was assumed that
chimeraplast DNA/PEI particles act in the same way and all further transfection
experiments in this chapter used HBS as complexing buffer.

151



Melittin-PEI/2 Transferrin-PEI

Fig. 5.2: HepG2 cells transfected with pGFP and various PEI-based reagents.
DNA/PEI complexes were made by mixing 1.5 ug pGFP, HBS and one of the 6 reagents (N:P
ratio 5:1), allowing them to incubate for 20 min before addition to the cells. Plates were spun
at 275 g for 3 min then left for 4 h before medium was changed. Cells were examined by
phase-contrast microscopy (left image of each panel) and fluorescence microscopy with incident
blue light of 465-495 nm wavelength (right image of each panel) both at 20 X magnification.
Mielittin-PEI/25 and Galactose4-PEI show the best transfection efficiency of the 6, followed by
linear PEI. Melittin-PEI/25: 25-kDa, Melittin-PEI/2: 2-kDa.
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Linear PEI Branched PEI

HBS .

Fig. 5.3: Effect of branched PEI and complexing buffer on transfection of HepG2 cells
with pGFP.

DNA/PEI complexes were formed by mixing 1.5 ug pGFP with either linear PEI or branched
PEI (N:P ratio 5:1), and in each case with either HBS or HEPES. The complexes were left to
form for 20 min, then added to the cells and the plates were spun at 275 g for 3 min before
being left for 4 h, after which the medium was changed. Phase-contrast and fluorescence
microscopy images were captured 24 h later. Panel A shows that in HBS, linear PEI is a
superior transfection reagent. When compared to panel B, it is clear that complexing the
DNA and PEI with HBS results in more successful gene delivery, regardless of which of the

two transfection reagents is used.
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5.2.3 ANALYSIS OF TRANSFECTION REAGENT EFFICIENCY BY RFLP

5.2.3.1 Addition of chloroquine improves the efficiency of transfection
with linear PEI and is also better than branched PEI alone

Chloroquine is known to enhance transfections by inactivating lysosomal
enzymes in order to decrease the degradation of transfected DNA [242]. The first
chimeraplast delivery conditions I examined dealt with the unconjugated PEIs:
branched PEI versus linear PEI, and L-PEI with or without chloroquine. As described
in Section 2.3.5, for experiments studying gene correction as a measure of gene
delivery, HepG2 cells were seeded in 24-well plates 24 h prior to transfection. The
concentration of E3->E2 chimeraplast used was 150 nM, intentionally low in order to
detect differences between the activities of the various reagents in question. The
oligonucleotides were combined with HBS and either linear or branched PEI by
incubating for at least 10 min. For the chloroquine studies, the reagent was added
directly to the cells 5 min before the DNA/PEI complexes were added. The plates
were then spun gently and left for 6 h. Cells were harvested for analysis 24 h later.
DNA was then extracted as explained in Section 2.3.7 followed by RFLP, as described
in Section 2.1.3.

Electrophoresis of the final restriction digest products showed a weak but
visible conversion from apoE3 to apoE2 indicated by the appearance of a diagnostic
83 bp band for the transfections using both chloroquine and L-PEI, whereas
conversions for both L-PEI alone and B-PEI alone were undetectable (Fig. 5.4).

5.2.3.2 Melittin-PEI 25-kDa is more efficient than melittin-PEI 2-kDa

Section 5.2.2.2 mentioned that there can be a difference in transfection
efficiency based on the size of the polymer used [249]. I was provided with two sizes
of PEI linked to melittin: 2-kDa and 25-kDa. I transfected HepG2 cells under the same
conditions as before, with the E3->E2 chimeraplast and each of these PEI conjugates
to determine whether indeed there was any difference in gene delivery. Fig. 5.5A

shows the RFLP result, which indicated that the larger of the two molecules (25-kDa)
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delivered more DNA into the cell, based on the stronger conversion indicated by the

- 83 bp band.

5.2.3.3 Transfections with melittin-PEI can be improved by mixing
with linear PEI

In order to evaluate whether the conversion efficiency of Melittin-PEI 25-kDa
could be improved further, I tried combining it in equal proportions with L-PEIL
HepG2 cells were prepared as before and complexes made up with the E3->E2
chimeraplast, HBS and Mel-PEI alone or 1:1 with L-PEI. Incubation times were as
before and RFLP analysis after 24 h. Results show that although there is a conversion
visible for both conditions, a stronger one is apparent for the Mel-PEI/L-PEI
combination (Fig. 5.5B).

5.2.3.4 Receptor-specific conjugated PEIs are of value when targeting
hepatic cells

Certain cells can be targeted by using receptors specific to that cell line.
Hepatocytes carry the asialoglycoprotein receptor that can bind with certain sugars
and glycoproteins, such as galactose [218], and therefore delivering DNA specifically
to the liver can be accomplished by using a reagent such as Galactose-PEI. The
transferrin receptor, a glycoprotein whose function is to mediate cellular uptake of
iron from transferrin [251], is expressed by all human cells and thus transferrin-PEI
(Tf-PEI) can be used to improve gene delivery by utilising this receptor as a gateway

into the cell.

HepG2 cells were targeted with Galactose-PEI (where 5% of PEI nitrogens are
modified by galactose), Galactose4-PEI (where 5% of PEI nitrogens are modified by
linear tetragalactose) or Transferrin-PEI. Cells and complexes were prepared as for
the previous experiments, again at a N:P ratio of 5:1, and after incubation for 6 h with
the complexes, cells were analysed for gene conversion 24 h later. In comparing the

three reagents, RFLP did not detect any conversion with Gal-PEI, while both Gal4-PEI
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and Tf-PEI succeeded in delivering enough chimeraplast into the cell to create the

required mutation at a level high enough for detection by RFLP (Fig. 5.6).

Another chimeraplast was available to use in our laboratory, also targeting the
apolipoprotein E gene, but converting the apoE3 genotype to apoE4 (E3->E4
chimeraplast; see Fig. 5.1). Like the LCAT chimeraplasts, this oligonucleotide did not
produce conversions using the standard protocol, and therefore enhanced transfection
conditions were attempted. HepG2 cells were targeted with this chimeraplast using
either Gal4-PEI on its own or a combination of Gal4-PEI and L-PEI, as a mixed reagent
appeared to produce a better result when tried with melittin-PEI (see Section 5.2.3.3).
The RFLP analysis (see Fig. 2.3 for restriction pattern) indicates that although Gal4-
PEI on its own did not produce a gene conversion, in combination with L-PEI the
conversion was successful. Even though the gel shows a weak conversion at 600 nM
of chimeraplast, the result was confirmed by sequencing, where the T->C mutation is
evident by the double peak (Fig. 5.7).
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L-PEI L+C  B-PEI L E2 E3

Fig. 5.4: RFLP analysis of HepG2 cells transfected with the E3 E2 chimeraplast
using L-PEI +/- chloroquine, or B-PEL
Transfection complexes were made of 150 nM chimeraplast, HBS, and L-PEI or B-PEI
(N:P=5:1), and incubated for at least 10 min. To add chloroquine to L-PEI transfected cells,
the reagent was added to wells 5 min before the DNA/PEI complexes to a final concentration
of 100 uM. The cells were spun at 275 g for 3 min then left for 6 h before the medium was
changed. Cells were analysed 24 h later. Results are shown from a single experiment. A:
RFLP result showing a very weak conversion from apoE3 to apoE2 (white arrow) only when
chloroquine wa; added to cells before transfection with L-PEI and no visible conversion for L-
PEI or B-PEI alone. B: Confirmation of the RFLP result by sequencing. The C->T mutation
is only visible for L-PEI combined with chloroquine (black arrows). L-PEI: linear PEI, L+C:
linear PEI and chloroquine, B-PEI: branched PEI, L: 10 bp ladder, E2: apoE2 control, E3:

untreated cells.

157



A
2kDa 25 kDa L apoE2 apoE3
91 bp
83 bp
48 bp
B
Mel-PEI+
Mel-PEI L-PEI L apoE2 apoE3
91 bp
83 bp
48 bp

Fig. 5.5: Transfection of HepG2 cells with theE3 E2 chimeraplast using Melittin-
PEIL
Transfection complexes were made up of 150 nM E3-2E2 chimeraplast, HBS, and either
melittin-PEI 2-kDa, melittin-PEI 25-kDa, or melittin-PEI 25-kDa in a 1:1 combination with
L-PEIL. All complexes had a final N:P ratio of 5:1 and were incubated for at least 10 min.
Cells were spun at 275 g for 3 min and treated for 6 h, then harvested for analysis 24 h later.
A: When comparing melittin-PElIs of different molecular weights, the larger of the two appears
to give a higher conversion, as indicated by the appearance of the 83 bp band (white arrow). B:
Both melittin-PEI 25-kDa alone and combined with L-PEI can deliver enough DNA to cause a
conversion, but it appears that the addition of L-PEI enhances the effect, as the 83 bp band
appears stronger (compare white arrows). Results are from a single experiment. L: 10 bp

ladder, apoE2: apoE2 control, apoE3: untreated cells.
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L apoE2 apoE3 Gal-PEI Gal4-PEI T{-PEI

91 bp
83 bp

48 bp

B
Gal4-PEI Tf-PEI
‘_G;‘CI'GI]\ AGAACGCGOCTGAA
19 0 D

Fig. 5.6: HepG2 cells transfected with receptor-specific conjugated PEIs.
DNA/PEI complexes were composed of 150 nM E3-2E2 chimeraplast, HBS, and either Gal-
PEI, Gal4-PEI or Tf-PEI at an N:P ratio of 5:1. Complexes were allowed to form for at least
10 min. Cells were transfected with the complexes, followed by centrifugation at 275 g for 3
min and incubation for 6 h. Analysis was begun 24 h after transfection. A: RFLP analysis
showing successful gene conversion using Gal4-PEI and Tf-PEI, indicated by the appearance
of the 83 bp band (white arrows), but not with Gal-PEI. L: 10 bp ladder, apoE2: apoE2
control, apoE3:.untreated cells. B: Sequencing result showing small T peaks (black arrows)
confirming the C->T conversion for the transfections using Gal4-PEI and Tf-PEI. These are

results of a single experiment.
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Gal4-PEI +
Gal4-PEI  linear PEI apoE3 apoE4

91 bp
72 bp

48 bp

Fig. 5.7: RFLP analysis of HepG2 transfection with Galactose4-PEI in combination
with L-PEL

DNA/PEI complexes were composed of 600 nM E3 >E4 chimeraplast, HBS, and either Gal4-
PEI or a 1:1 combination of Gal4-PEI with L-PEI at an N:P ratio of 5:1 and left to form for 10
min. The complexes were added to the cells, the plates centrifuged at 275 g for 3 min, and
incubated for 6 h. Cells were harvested for analysis 24 h later. The gel shows no visible
conversion wheh using galactose4-PEI alone, but the appearance of the diagnostic 72 bp band
for the transfection where L-PEI was also present (A). This result was confirmed by
sequencing, which shows the nucleotide conversion from T>C (B). apoE3: untreated cells,
apoE4: apoE4 control. These results represent a single experiment.
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5.2.4 ANALYSIS OF TRANSFECTION REAGENT EFFICIENCY BY FACS

The analysis of transfection efficiency conducted by RFLP assessed the ability
of transfection reagents by examining the end result - gene correction by the
chimeraplast that had entered the cell. This part of my study measures the physical
presence of the transfected oligonucleotide in the cell nucleus as an indicator of

delivery efficiency.

HepG2 cells were transfected with the FE3->E2 chimeraplast (3’ fluorescein-
labelled) as described in Section 2.3.8, in 6-well plates. Following 6 h of incubation
with transfection complexes, cells were immediately collected and nuclei isolated. All
experiments were repeated at least 3 times. FACS analysis was performed as
described in Section 2.3.9. Total nuclei were counted as well as fluorescent nuclei and
transfection efficiency was expressed as the percentage of nuclei which were
fluorescent, subtracted from the control (untransfected cells). All results are

represented * standard deviation (n=3).

5.24.1 Linear PEI and branched PEI have similar delivery
capabilities, but chloroquine may improve delivery with PEI

HepG2 cells were transfected either with L-PEI or branched PEI, or were
pretreated with chloroquine and transfected with L-PEl. Quantitative measurement
of nuclei by FACS showed that L-PEI and branched PEI delivered oligonucleotides
successfully to approximately the same number of nuclei (11.7 £ 0.7 % and 11.9 + 4.8
% fluorescent nuclei, respectively) but that the addition of chloroquine to cells before
transfection raised delivery to the nucleus (17.6 + 7.2 % fluorescent nuclei), although
neither of these results showed statistical significance as calculated using Student’s ¢-

test. The results are shown in Fig. 5.8.
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5.2.4.2 The transfection efficiency of Melittin-PEI can is improved by

mixing with linear PEI

The next delivery vehicle to be examined was melittin-PEI, the reagent
conjugated to the peptide melittin, known for its ability to increase transfection
efficiency by up to 30% by aiding intracellular travel of DNA to the nucleus [242].
HepG2 cells were transfected as before, with either Melittin-PEI 25-kDa alone as
transfection reagent, or a 1:1 combination of Melittin-PEI and L-PEIL. Fig. 5.9 shows
that L-PEI delivered DNA to as many nuclei as Melittin-PEI (11.4 + 0.7 % compared to
11.7 £ 7.0 % fluorescent nuclei, though not statistically significant), but when the two
reagents are combined the result is a 27% increase in nuclear delivery (16 + 1.8 %

compared to 11.7 £ 7.0 % fluorescent nuclei, P<0.05).

5.24.3 Galactosed-PEI is superior to linear PEI for transfecting
hepatic cells

It has been shown that there is value in using transfection reagents carrying
ligands that specifically bind cell-surface receptors in order to increase DNA uptake
into the cell [238, 239, 240]. Gal-PEI and Gal4-PEI were used to transfect HepG2 cells,
as was described earlier (Section 2.3.8). FACS analysis showed that Gal-PEI was not as
effective as L-PEI (9.4 £ 1.6 % compared to 11.7 £ 0.7 % transfected nuclei, P<0.05), but
Gal4-PEI delivered 24% more chimeraplast to nuclei than L-PEI (154 + 0.1 %
compared to 11.7 + 0.7 % transfected nuclei, P<0.05), and 39% more than Gal-PEI
(P<0.05), shown in Fig. 5.10.

As combining Melittin-PEI with L-PEI produced a positive effect on delivery,
this was also attempted with Gal4-PEI. The reagent was mixed 1:1 with L-PEI and
used to transfect HepG2 cells. The result was to raise the transfection efficiency even
further to 17.7 + 1.5 % fluorescent nuclei (Fig. 5.10), or 34% higher than L-PEI alone
(P<0.05). The specificity of Gal4-PEI for the asialoglycoprotein receptor was then
tested by repeating the L-PEI and L-PEI + Gal4-PEI experiments in CHO cells, as they
do not express this receptor. Here, FACS analysis showed a greater transfection
activity in CHO cells for L-PEI alone than for the Gal4-PEI + L-PEI combination (13.2
+ 1.2 % compared to 11.6 + 6.35 % fluorescent nuclei), as demonstrated in Fig. 5.11.

The presence of Gal4-PEI appears to have increased delivery of chimeraplast in
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HepG2 cells (17.7 £ 1.5 % in HepG2 cells compared with 11.6 £ 6.35 % in CHO cells),
- whereas when added to CHO cells delivery was slightly reduced (13.2 + 1.2 % L-PEI
alone and 11.6 + 6.35 % with Gal4-PEI), although it is not possible to interpret these
findings as they were not statistically significant.
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Fig. 5.8: FACS analysis of HepG2 cells transfected with linear and branched PEL
Cells were transfected in 6-well plates with 200 nM FE3 2E2 chimeraplast and either L-PEI
or B-PEI at an N:P ratio of 5:1. Complexes were left to form for at least 10 min. Additional
cells were treated with chloroquine and received a final concentration of 100 uM 5 min before
addition of transfection complexes. After 6 h incubation, cells were harvested and nuclei
isolated using 0.1% (v/v) Igepal CA-630 in PBS on ice by pulling through a 26G needle.
Nuclei were suspended and fixed in ice-cold 50% (v/v) ethanol and counted using FACS.
Transfection efficiency is expressed as the percentage of fluorescent nuclei. Mean percentage
values are from triplicate experiments + SD. L-PEI used in conjunction with chloroquine
transfected the most nuclei, although results were not significant when assessed by Student’s
t-test (P=0.12). L-PEI: linear PEI, B-PEI: branched PEI
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Fig. 5.9: FACS analysis of HepG2 cells transfected with Melittin-PEL

HepG2 cells were transfected in 6-well plates with 200 nM FE3 2E2 chimeraplast and either
Melittin-PEI 25-kDa alone or a 1:1 combination of Melittin-PEI and L-PEI. Complexes were
incubated on the cells for 6 h, then the nuclei were isolated using 0.1% (v/v) Igepal CA-630 in
PBS on ice by pulling through a 26G needle. Nuclei were suspended and fixed in ice-cold 50%
(v/v) ethanol and counted using FACS. Transfection efficiency is expressed as the percentage
of fluorescent nuclei. Mean percentage values are from triplicate experiments + SD. The
combination of L-PEI with Melittin-PEI resulted in a more efficient transfection when
compared to L-PEI alone (*P<0.05 as assessed by Student’s t-test). L-PEI: linear PEI, Mel-
PEI: Melittin-PEL
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Fig. 5.10: FACS analysis of HepG2 cells transfected with reagents using the

asialoglycoprotein receptor.

Transfection complexes were made up of 200 nM FE3-2E2 chimeraplast and either Galactose-
PEI, Galactose4-PEI, or a 1:1 combination of L-PEI and Galactose4-PEI. Complexes were
incubated for 10 min, then incubated with HepG2 cells for 6 h. The cells were then harvested
and nuclei isolated using 0.1% (v/v) Igepal CA-630 in PBS on ice by pulling through a 26G

needle. Nuclei were suspended and fixed in ice-cold 50% (v/v) ethanol and counted using

FACS. Transfection efficiency is expressed as the percentage of fluorescent nuclei. Mean

percentage values are from triplicate experiments + SD. These results show that compared to
L-PEI, Gal4-PEI is 24% more efficient as a delivery agent for chimeraplasts, and that the
addition of L-PEI to Gal4-PEI further improves delivery by 10%. Also, the use of Gal4-PEI
rather than Gal-PEI can raise the transfection efficiency by 39% (*P<0.05 as assessed by

Student’s t-test). L-PEI: linear PEI, Gal-PEI: Galactose-PEI, Gal4-PEI: Galactose4-PEI.
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Fig. 5.11: Comparison of Galactose4-PEI transfections of CHO and HepG2 cells by
FACS analysis.

CHO cells, that do not express the asialoglycoprotein receptor, were transfected as for HepG2
cells using 200 nM FE3 E2 chimeraplast and either L-PEI alone or a 1:1 combination with
Gal4-PEI. Complexes were incubated with the cells for 6 h, then harvested for nuclei isolation
using 0.1% (v/v) Igepal CA-630 in PBS on ice by pulling through a 26G needle. Nuclei were
suspended and fixed in ice-cold 50% (v/v) ethanol and counted using FACS. Transfection
efficiency is expressed as the percentage of fluorescent nuclei. Mean percentage values are
from triplicate experiments + SD. The combination of L-PEI and Gal4-PEI resulted in the
delivery of chimeraplasts to more HepG2 cells than CHO cells, although values were not
significant when assessed by Student’s t-test. L-PEI: linear PEI, Gal-PEI: galactose-PEI,
Gal4-PEI: galactose4-PEL
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5.3 DISCUSSION

The experiments described in this chapter were aimed at improving the
delivery of chimeraplasts in the hope of identifying a way to successfully direct gene
correction in the LCAT gene of hepatic cells. The reason for undertaking a study of
DNA delivery using validated APOE-directed chimeraplasts was the failure to mutate
the LCAT gene using standard linear PEI-based transfection protocols, the attempts of

which were described in the previous chapter.

Polyethylenimine has established itself as a versatile and efficient transfection
reagent, mainly because of its ability to buffer endosomes [228]. Nevertheless,
transfection efficiency can still be improved and some of the problems encountered
with using PEI can be overcome by modifying the molecule. Over the past few years,
more and more interest has been shown in the use of ligand-PEI conjugates. Ligands
that are cell specific can trigger receptor-mediated endocytosis of DNA/PEI
complexes, thus preventing non-specific electrostatic interactions between complexes
and cells. An example of such a conjugate is Gal-PEI to target the asialoglycoprotein
receptor of hepatocytes. Other ligands can aid gene transfer in other ways. Melittin
increases endosomal release of DNA, as well as improving transfer of DNA/PEI

complexes to thé nucleus [242].

While the interest in improving DNA delivery using PEI is considerable, the
majority of studies have used plasmid DNA complexed to PEI rather than synthetic
oligonucleotides. Plasmids are several kilobases in size, a great difference from
RNA/DNA oligonucleotides of 68 to 80 nucleotides. For this reason, it cannot be
assumed that the delivery of these molecules would be the same with PEI as for the
delivery of plasmids.

My initial investigations confirmed the findings that were previously
published regarding transfection of plasmids using PEI. I transfected the plasmid
pGFP into HepG2 cells using a variety of PEIs and looked at the expression of green
fluorescence protein under the microscope, as an indication of successful DNA/PEI
uptake. Before examining the conjugated PEIs, I examined the difference between a
22-kDa linear PEI and a much bigger 800-kDa branched PEI. I found that transfection
with the 800-kDa branched PEI resulted in less fluorescent cells than following
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transfection with the 22-kDa L-PEI. There are two aspects to this finding: the
v difference in PEI size and the fact that one is linear and the other branched.

Several studies have shown that a lower molecular weight PEI transfects more
efficiently than one with a higher molecular weight [232,277], though an explanation
for this fact is still lacking. Godbey and colleagues [278] believe that, based on their
findings, the smaller DNA/PEI particles created using smaller PEI molecules
dissociate more easily, resulting in a lower transfection efficiency, but the group only
tested PEIs up to 70-kDa. Thus, their findings cannot be directly related to
experiments that used an 800-kDa PEIL On the subject of linear vs. branched PEI,
Wightman et al. [277] found that in most cell lines transfected, the 22-kDa linear PEI
was more efficient than the 800-kDa branched PEI. Additionally, on microscopy they
found that DNA/L-PEI complexes were found close to the nucleus faster than
DNA /branched PEI complexes. Nevertheless, they could not offer an explanation for
these findings. Brunner et al. [279] compared 22-kDa L-PEI to 25-kDa branched PEI
and also found L-PEI to have higher transfection efficiency, but Godbey et al. [274]
believe that branched PEI should be more efficient at delivering DNA. They
postulated that the layer of PEI surrounding the DNA is much thicker in branched
PEI and able to bind more protons, as well as providing a better physical barrier to
DNases, thus offering better protection to the DNA molecules it is carrying. The

discrepancy between these observations is yet to be elucidated.

Using the same pGFP/PEI transfection method, I also observed by microscopy
that Gal4-PEI and Mel-PEI seemed to transfect more efficiently than L-PEI, for reasons
mentioned above. Finally, I examined the choice of complexing buffer. Ogris and
colleagues [275] showed that complexing DNA/PEI in HBS results in large,
aggregated particles, while using HEPES generates small particles. The difference in
size of DNA/PEI particles formed has an influence on transfection efficiency because
smaller particles are more readily taken up into the cell, while the larger aggregates
tend to stick onto the cell surface. At the same time, the group found that despite
reduced cellular uptake of aggregates, gene expression was higher in experiments
using HBS as buffer, which parallels my observations. They explain the higher gene
transfer by the fact that the total cell association of aggregates is higher than that of
small particles, and by postulating that aggregates have a higher ability to lyse

endosomes.
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In order to study chimeraplast delivery I chose two methods - transfection
with a fluorescent oligonucleotide to look at physical entry of DNA into the cell
nucleus, and RFLP analysis to determine whether gene conversion had occurred as a
measure of DNA entry into the nucleus. The results obtained from both these

methods support each other.

Chloroquine is a chemical known to increase transfection efficiency, with a
maximum activity when present at 100 uM in the culture medium of cells [267]. The
proposed mechanism of action of chloroquine is by protecting DNA taken up into
endosomes by neutralising acidic compartments and decreasing delivery of
endosomal contents to lysosomes, thus limiting DNA degradation. Both RFLP and
FACS analysis confirmed that this is the case for smaller DNA molecules as well as
plasmids. Qualitative and quantitative evidence showed that treating cells with
chloroquine prior to transfection using L-PEI helped protect chimeraplasts and
therefore allowed them a greater opportunity to reach the nucleus than when using L-
PEI alone.

Before embarking on experiments using the conjugated PEls, I wanted to
determine whether there was a difference between using 22-kDa L-PEI and 800-kDa
B-PEL. Both modes of investigation suggest that L-PEI and B-PEI have similar
activities when transfecting chimeraplasts, although the quantitative data acquired by
FACS was not statistically significant. Therefore, it would be necessary to conduct

further studies comparing the two reagents to be able to provide a definite conclusion.

Our laboratory had available Mel-PEI in two forms: one conjugated to a 25-
kDa PEI, the other to a 2-kDa PEI. As mentioned earlier, it has been shown that PEIs
of higher molecular weight up to 70-kDa have better transfection activities than those
of lower molecular weights. It therefore makes sense that experiments performed
here to compare the two reagents found that the 25-kDa Mel-PEI was a more efficient
transfection reagent for both pGFP and chimeraplasts. My findings are supported by
a recent study that examined PEI molecules of 2 to 750-kDa [280]. This study showed
that 25 kDa li'near PEI was the most efficient transfection agent, with 2-kDa PEI being
unable to transfect COS-7 or CHO-K1 cells. On the other hand, Kunath et al. [281]
showed that 5-kDa PEI has superior transfection qualities to PEI of high molecular
weight, and these smaller molecules are being used to deliver small oligonucleotides

[282].
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The advantage of using Mel-PEI is thought to reflect the ligand’s lytic activity
and its ability to enhance nuclear accumulation of the transfected DNA. Ogris et al.
[242] showed that Mel-PEI makes a significant difference to transfection of plasmid
DNA. In my experiments though, I was not able to show an increased activity of Mel-
PEI over that of unmodified L-PEI. This could possibly be accounted for by the fact
that there may be different factors involved in chimeraplast transfections that are not
currently apparent. One such factor is the interaction of DNA with PEI within the
complex. One study examined the secondary structure of DNA in such a complex and
found no alteration to the helical form of plasmid DNA [280]. This does not mean that
a smaller oligonucleotide would react the same way. Additionally, no publications
have shown use of Mel-PEI to deliver oligonucleotides, therefore their stability with
this reagent may be different to that of plasmid DNA.

Wightman et al. [277] showed that there is a difference in aggregate formation
between 22-kDa PEI and 25-kDa PEI, with 22-kDa being better at both aggregating
and delivering genes. Though the reason for this difference in behaviour has not yet
been elucidated, this fact led me to add L-PEI (22-kDa) to Mel-PEI (25-kDa) to
determine whether the superior ability of L-PEI could enhance the effect already
shown with Mel-PEI alone. Both RFLP analysis, and more impressively, FACS
analysis demonstrated this to be true. This reasoning seems to hold for other
conjugated PEIs also, as adding L-PEI to 25-kDa Gal4-PEI again improved

transfection efficiency.

The most striking of the benefits of adding L-PEI to a conjugated reagent was
shown in the transfection with the apoE3->E4 chimeraplast (Fig. 5.7). The
contribution of L-PEI to the success of gene conversion in this case was unmistakable:
when even high concentrations of chimeraplast (600 nM) were previously unable to
accomplish gene correction using L-PEI alone, the combination of both Gal4-PEI and
L-PEI showed successful action of the oligonucleotide.

The receptor-specific conjugated PEIs certainly have benefits in targeting key
tissues in vivb, but my experiments showed that this is also the case for delivering
chimeraplasts in wvitro. = For correcting the LCAT gene in the liver, the
asialoglycoprotein receptor is an attractive target, which made the investigation of
Gal-PEI seem worthwhile. Interestingly, both RFLP and FACS data showed that PEI
linked to tetragalactose (Gal4-PEI) was a more efficient transfection reagent than PEI
linked to just galactose (Gal-PEI). Bettinger and colleagues [283] showed that Gal4-
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PEI results in the formation of small, more stable particles when complexed with

- plasmid DNA, and this may contribute to the improved delivery of DNA.

The conclusion of the study presented in this chapter is that overall, the best
transfection conditions for delivering chimeraplasts to hepatocytes are Gal4-PEI + L-
PEI > L-PEI + chloroquine > Mel-PEI + L-PEI. The results shown with the previously
troublesome E3->E4 chimeraplast provide hope of possibly finding adequate delivery
conditions to see success in targeting the LCAT gene with chimeraplasts.
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Chapter 6 -

LCAT chimeraplasty at
optimal conditions
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6.1 INTRODUCTION

In the previous chapter, due to the problems I encountered when attempting to
target the LCAT gene with chimeraplasts aimed at two separate sites, I tried to
determine if the conditions for transfecting cells with chimeraplasts can be improved
beyond the standard protocol used in our laboratory. Using a chimeraplast aimed at
the APOE gene, I compared the transfection efficiencies of several PEI-based reagents,
as well as the benefits of using chloroquine, by meauring success of gene conversion
and nuclear uptake of DNA/PEI complexes. Having established that transfection
efficiency can be improved by using chloroquine and a combination of L-PEI with
Gal4-PEI, I now go back to my LCAT chimeraplasts and transfect cells using these
reagents. The results are presented in the first section of this chapter, but
unfortunately were also negative.

My next course of action was to try to explain the discrepancy between success
in targeting the APOE gene but failure in converting LCAT. I looked at the
intracellular course of the transfection complexes by transfecting cells simultaneously
with an ApoE chimeraplast and an LCAT chimeraplast. Again, the ApoE
oligonucleotide was successful, while the LCAT one was not. My final experiment
was to circumvent any problems due to ineffective delivery by microinjecting the
LCAT chimeraplasts directly into cell nuclei. However, this again gave a negative

result.

Following this, I studied the possibility that lack of accessibility to the gene
target region was the reason for the consistent failure to accomplish gene conversion.
I created two recombinant CHO cell lines containing the targeting areas of the ApoE
and LCAT genes, one with both complete cDNAs, the other with a complete LCAT
cDNA but just the targeting segment of ApoE cDNA. I then cotargeted these cells
with both apoE and LCAT gene-converting chimeraplasts.

Finally, towards the end of my time in the lab, a single-stranded oligonucleotide
constructed to create the Ser216Ala mutation became available through a
collaboration with Tapestry Pharmaceuticals and I was able to do some preliminary
experiments with this molecule. SSONs are all-DNA short oligonucleotides with
phosphorothioate linkages at both ends and were found to have almost 4 times higher
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correctional activity than chimeraplasts [198]. My results show that delivery was
- probably not a limiting factor to gene repair mediated by chimeraplasts, as the SSON
was able to create the S216A mutation when delivered with L-PEI alone.

6.2 RESULTS

6.2.1 CHIMERAPLASTY WITH SER208ALA AND SER216A
OLIGONUCLEOTIDES USING OPTIMAL TRANSFECTION

CONDITIONS

Firstly, CHO-LCATwr cells were transfected as described in Section 2.3.5 with
the Ser216Ala chimeraplasts, both 68-mer (first batch) and 80-mer, at a concentration
of 600 nM. The transfections were performed using L-PEI and chloroquine or L-PEI
and Mel-PEI (1:1). Cells were incubated with DNA/PEI complexes for 4 h, then
harvested for analysis after 48 h. RFLP analysis (Section 2.1.3) showed that none of the
conditions produced a successful conversion (Fig. 6.1A), which would have been

evident by the appearance of two smaller bands of 76 and 68 bp.

Next, HepG2 cells were targeted with the Ser216Ala 68-mer chimeraplast at a
concentration of 800 nM using L-PEI and chloroquine, L-PEI and Mel-PEI (1:1), Tf-
PEL or L-PEI and Gal4-PEI (1:1). Cells were incubated with complexes for 4 h and
harvested 36 h later. RFLP analysis again showed that even at this high concentration
and using more efficient transfection reagents, there was no gene correction (results
not shown). Targeting in both CHO-LCATwr and HepG2 cells was repeated using the
Ser208Ala chimeraplast with no success at mutating the gene (Fig. 6.1B).

6.2.2 CO-TARGETING OF LCAT AND APOE GENES IN HEPG2 CELLS

In the last chapter, we saw that it is possible to create a mutation in the APOE
gene using the apoE3->E2 chimeraplast. The success of this chimeraplast indicates

that the molecule is both able to make its way into the nucleus and to correct the gene.
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By mixing both apoE3->E2 and Ser216Ala chimeraplasts with PEI, complexes can be
formed theoretically carrying both oligonucleotides. It is not certain that their
intracellular path would be identical, but it would be interesting to see what

mutations result.

HepG2 cells were simultaneously transfected with 400 nM apoE3->E2
chimeraplast and 400 nM Ser216Ala chimeraplast using L-PEL. Cells were incubated
with complexes for 6 h, then harvested after 24 h. Analysis of the transfection showed
that a conversion was detected in the apoE gene by the appearance of a weak but
definite 83 bp band compared to control (Fig. 6.2B). On the other hand, no conversion
was found in the LCAT gene, where a mutation would be detected by the presence of
two bands of 87 and 68 bp (Fig. 6.2A), as LCAT genomic DNA follows a different
RFLP analysis than LCAT cDNA (Secticn 2.1.3).

6.2.3 MICROINJECTION OF SER208ALA AND SER216ALA

CHIMERAPLASTS

Though at this stage it seemed unlikely that failure to reach the nucleus was
the reason behind the LCAT chimeraplasts’ inability to correct the gene, the final test
was to physically insert the oligonucleotides into the cell nucleus. This was done by
microinjection as described in Section 2.3.6. Cells were seeded onto coverslips and
about 100 cells injected per coverslip. Each cell received approximately 1.6 x 105 pg of
chimeraplast. Both CHO-LCATwr cells and HepG2 cells were microinjected with
either Ser208Ala or Ser216Ala (68-mer) chimeraplasts. Additionally, as a positive
control, HepG2 cells were also microinjected with the apoE3->E2 chimeraplast. After
microinjection, the cells were left to grow for 20 days before being harvested for
analysis by RFLP. Fig. 6.3 shows that once again neither of the LCAT chimeraplasts

mutated the gene, while the apoE chimeraplast was successful.
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Fig. 6.1: LCAT chimeraplasty at optimal transfection conditions.

A: CHO-LCATwr cells were transfected with 600 nM of either the 68-mer (first batch) or 80-
mer Ser216Ala chimeraplast, in complex with either L-PEI (cells pre-treated with 100 uM
chloroquine) or L-PEI and Mel-PEI (1:1). The amine:phosphate (N:P) ratio was 5:1.  Cells
were incubated for 4 h, then harvested for RFLP analysis 48 h later. Electrophoresis shows
that there was no appearance of the two smaller diagnostic bands of 76 and 68 bp that would
indicate the mutation from T->G, at either of the conditions and with neither of the
chimeraplasts. B: CHO-LCATwr cells were also targeted with 600 nM of Ser208Ala
chimeraplast, using the same transfection conditions as above. A nucleotide conversion would
have appeared as two bands of 101 and 49 bp, but again this was not detected. U: untreated
cells. PC: L-PEI + chloroquine. PM: L-PEI + Mel-PEI. L: 10 bp ladder. M: CHO-LCAT:m
cells (containing both Ser208Ala and Ser216Ala mutations) as a positive control.
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Fig. 6.2: Co-transfection of HepG2 cells with apoE3 ?E2 and Ser216Ala
chimeraplasts.
HepG2 cells were targeted with DNA/PEI complexes composed of 400 nM apoE3 >E2
chimeraplast, 400 nM Ser216Ala (68-mer, first batch) chimeraplast, 150 nM NaCl, and L-PEI
at an N:P ratio of 5:1. A: RFLP analysis of the apoE gene. Mutation to the apoE2 genotype is
detected by the appearance of the 83 bp band (white arrow). U: untreated cells. CT: co-
transfected cells. L: 10 bp ladder. E2: apoE2 genotype control. B: RFLP analysis for the
LCAT gene. A mutation would result in disappearance of the 155 bp band and appearance of

two smaller bands of 87 and 68 bp. No such mutation is visible here.

177



S216A S208A

Fig. 6.3: Microinjection of LCAT and apoE chimeraplasts into HepG2 cells.
HepG2 cells were seeded onto coverslips (approximately 100 cells/coverslip) the day before
microinjection. Each cell was microinjected with about 1.6 x 10> ug chimeraplast, either
Ser208Ala, Ser216Ala (both first batch), or apoE3-2E2. On average 100-150 cells were
injected per coverslip. Cells were maintained on coverslips for 6 days, then transferred to
progressively larger wells. Analysis began 20 days after microinjection. A: RFLP analysis for
the LCAT chimeraplasts. For the Ser216Ala (S216A) mutation, a conversion would be
indicated by the appearance of two smaller bands of 87 and 68 bp. For the Ser208Ala (5208A)
mutation, a conversion would appear with two smaller bands of 110 and 50 bp. These are not
visible here. B: Successful conversion on RFLP analysis of the apoE chimeraplast, noted by the
appearance of the 83 bp diagnostic band (arrowed). U: untreated cells. MI: microinjected
cells. L:10 bp ladder. E2: apoE2 genotype control.

178



6.2.4 TARGETING OF LCAT IN LCAT-APOE RECOMBINANT CHO

CELLS

In my experiments using the LCAT-targeting chimeraplasts up until this point
I transfected both HepG2 and CHO-LCATwr cells with the Ser208Ala and Ser216Ala;
while varying: 1) the chimeraplast concentration; 2) the number of retargets on the
same cells; 3) the transfection conditions - addition of centrifugation, addition of
chloroquine, and use of modified PEIs; and 4) the size of chimeraplast by increasing
the length from 68 to 80-mer. The results of all these chimeraplasty experiments
suggest that delivery of DNA to the cell nucleus is not the limiting factor in achieving
gene correction in LCAT using the Ser208Ala and Ser216Ala oligonucleotides that
were synthesized for this purpose. We currently do not have enough knowledge
about gene configuration and folding, mismatch repair enzymes, and chimeraplast
purity, amongst other things, to understand why it is that certain RNA/DNA
oligonucleotides (RDOs) easily mutate a target gene but other RDOs do not.

In order to address this question, I investigated whether the accessibility of the
LCAT gene might change if it was in proximity to the APOE gene, as the latter is
apparently able to be successfully targeted. I decided therefore, to create a plasmid
containing bothh targeting areas of the two genes. Two versions were made, one in
which the full LCAT cDNA was present with just the targeting segment of the APOE
gene immediately upstream of the LCAT targeting region, the other containing
complete cDNAs of both genes.

6.2.4.1 Production of the pXLE3 plasmid

In order to generate the plasmid containing the apoE targeting region within
the complete LCAT cDNA, firstly, it was necessary to produce the apoE segment to
ligate into the LCAT gene. To do this, a 341 bp apoE3 fragment was generated by
PCR of p7055.E3, a plasmid containing the apoE3 cDNA (Fig. 6.4). The primers were
designed using Vector NTI, based on the apoE cDNA (accession number
NM_000041). These primers contain Dralll adaptors at their 5" ends for ligation into
LCAT (Fig. 6.5). The reaction and temperature gradient programme are shown in
Table 6-1. It was found that the best product was obtained at 62°C annealing (Fig.
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6.6) as at this temperature the PCR product was the most specific, indicated on the gel
by one sharp band with minimal smearing. This temperature was used in subsequent

PCR reactions to generate the DNA fragment.

Next, the PCR product was gel purified as described in Section 2.1.2 and
digested with 20 units of the restriction enzyme Dralll, at 37°C overnight. It was then
gel purified again and quantified by OD measurement at 260 nm (1 ODaz = 50
ug/ml). Plasmid pXLCAT (p7055 containing the LCAT cDNA, ampicillin resistance
and the DHFR gene) was also treated with Dralll in order to linearise the vector (Fig.
6.7A): approximately 10 pg of the plasmid were digested with 20 units of the enzyme
at 37°C for 3 h. The linearised plasmid was then gel purified.

The linearised plasmid was dephosphorylated as described in Section 2.1.5.
The plasmid was then ethanol precipitated, resuspended in 15 pl dH:O, and
quantified by OD measurement at 260 nm. Ligation of the apoE3 fragment and vector
was accomplished as described in Section 2.1.7. Two insert to vector ratios were tried,

3/1and 1/1. The reaction mix was left at 4°C overnight.

The next morning, the ligated plasmid was transformed into DH5a bacterial
cells as described in Section 2.1.9 and incubated at 37°C overnight. Colony growth
was found on both 3/1 and 1/1 plates. Six colonies were picked using a sterile
pipette tip from each plate and cultured in 5 ml LB broth containing 50 pg/ml
ampicillin overnight at 37°C with shaking. Plasmid DNA was extracted from bacteria
as described in Section 2.1.10.

Twenty microliters of each miniprep DNA was run on a 1% agarose gel to
check for presence of DNA and to estimate the quantity obtained from the pellets.
Then 30 pl of each plasmid was digested with 5 units restriction enzyme BamHI
(Promega) at 37°C for 3 h, which was expected to give fragments of sizes 3280 bp and
4730 bp. Digests were run on a 1% agarose gel, which showed that of the 6 minipreps
only culture 16’ contained the correct plasmid (Fig. 6.8).

The remaining bacteria from culture 16 were recultured to prepare a larger
plasmid preparation (see Section 2.1.10). Two microliters of the resulting DNA was
run on a 1% agarose gel to verify the presence of the correct plasmid and the plasmid
was quantified by spectrophotometry. One microgram of the plasmid was then
digested with 5 units BamHI at 37°C for 3 hours, which showed the correct fragment

180



sizes for this plasmid: 4.3 and 3.5 kb (result not shown). A further 1 pg of the plasmid
was sequenced using both an LCAT and an apoE PCR primer (for sequences see
Section 2.1.3), to verify that both LCAT and apoE cDNAs were present in the plasmid
(result not shown). At this stage, the plasmid, henceforth termed pXLE3, was ready
for transfection into Chinese hamster ovary (CHO) cells (Fig. 6.7B).

P7055.apoE3
(7731bp)

Fig. 6.4: Plasmid p7055.E3.
This plasmid is based on the p7055 vector, with exchange of the interleukin-2 (IL-2) cDNA for
apoE3 cDNA. The plasmid contains ampicillin resistance for bacterial selection and the
DHER gene for selection in cultured cells. It was used here as a PCR template to generate the
apoE3 fragment that would be ligated into the LCAT gene in pXLCAT.
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5 — GGAACAACTG ACCCCGGTGG CGGAGGAGAC GCGGGCACGG CTGTCCAAGG AGCTGCAGGC
CCTTGTTGAC TGGGGCCACC GCCTCCTCTG CGCCCGTGCC GACAGGTTCC TCGACGTCCG

GGCGCAGGCC CGGCTGGGCG CGGACATGGA GGACGTGTGC GGCCGCCTGG TGCAGTACCG
CCGCGTCCGG GCCGACCCGC GCCTGTACCT CCTGCACACG CCGGCGGACC ACGTCATGGC

CGGCGAGGTG CAGGCCATGC TCGGCCAGAG CACCGAGGAG CTGCGGGTGC GCCTCGCCTC
GCCGCTCCAC GTCCGGTACG AGCCGGTCTC GTGGCTCCTC GACGCCCACG CGGAGCGGAG

CCACCTGCGC AAGCTGCGTA AGCGGCTCCT CCGCGATGCC GATGACCTGT AGAA CT
GGTGGACGCG TTCGACGCAT TCGCCGAGGA GGCGCTACGG CTACTGGACG TCTIT GGA

GGCAGTGTAC CAGGCCGGGG CGAATTCTGT CCGCGAGGGC GCCGAGCGCG GCCTCAGCGC
CCGTCACATG GTCCGGCCCC GCTTAAGACA GGCGCTCCCG CGGCTCGCGC CGGAGTCGCG

CATCCGCGAG CGCCTGGGGC CCACCTTIGTC CGGCGCACGC GTGCGGGCCG CCACTGTGGG
GTAGGCGGTC GCGGACCCCG GGTIGGAACAG GCCGCGTGCG CACGCCCGGC GGTGACACCC -3

E3L sense: 5-ATCACCTGGTGAGGAGACGCGGGCACGGCTTGC-3
_E3L antsense: 5>-TCCACGCTGTGCGCACGCGGCCCTGTTCCACCAG-¥

Primers

Fig. 6.5: ApoE sequence and PCR primers.
Sequence of the section of the apoE3 gene to be amplified for ligation with LCAT cDNA.
Underlined are the parts of the sequence matching the primers, and the full primer sequences
are in the bottom box. Circled is the C->T point of mutation that changes the genotype from

apoE3 to apoE2.
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Volume (ul) | Final concentration

10 x Taq buffer 5 1x
50 mM MgCl, stock 1.5 1.5mM
10 pM E3L sense primer 2.5 0.5 M
10 pM E3L antisense primer 25 0.5 M
100 mM dNTP mix stock 1 2mM
plasmid 6 10 ng/yd
dH,O 31
Taq polymerase 0.5 5 units/pl
Total volume 50

Denaturation Annealing Elongation

96°C for 45 seconds | 58/60/62°C for 45 seconds | 72°C for 1¥%2 minutes

Table 6-1: E3L PCR reaction and programme.
The top table shows the quantities and final concentrations used for a 50 ul reaction. The table
below it shows the thermocycler programme, which began with 5 min at 96°C followed by 30
cycles of the above, ending with 10 min at 72°C.
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56°C 60°C 62°C L

341 bp

Fig. 6.6: PCR to generate apoE3 fragment with primers E3L.
Gradient PCR products on a 2% agarose gel alongside a 100 bp ladder (L). The 341 bp
fragment was most specifically produced at 62°C annealing temperature, as indicated by the
sharper band with less non-specific product (smearing), and this temperature was used in

subsequent PCR reactions to generate the apoE3 fragment for ligation into LCAT cDNA.
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pXLCAT
(7612 bp)

5’- CACNNNGTG -3’
3- GT?NNNCAC -5’

2075

7953 bp

N

Ser208Ala

Ser216Ala

Fig. 6.7: Vector pXLCAT and the resulting plasmid pXLE3.
A: The expression vector carrying the LCAT cDNA into which the apoE3 targeting region
was inserted. The vector was linearised using restriction enzyme Dralll so that the apoE3
fragment with its Dralll adaptors could be ligated in. B: The plasmid that results, pXLE3,
after ligation of the 341 bp apoE3 fragment and schematic representation of the location of the
apoE fragment within the LCAT cDNA (nucleotides 1259 to 1590), as well as the approximate

locations of the targets for chimeraplasty (shown as stars).
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Fig. 6.8: Bacterial clones transformed with pXLE3 and digested with BamHL
1% agarose gel of digests of DNA extracted from 6 picked bacterial colonies, resolved against a
1 kb ladder. The numbers indicate individual colonies. Colony 16 was the only one to produce
the correct BamHI digestion fragments of 3280 bp and 4730 bp. L: 1 kb ladder.
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6.2.4.2  Production of the pXEIL plasmid

This plasmid was created to contain both complete cDNAs of apoE and LCAT.
The plasmid was based on pAAV.EIL (Fig. 6.9A), kindly provided by Dr. T.
Athanasopoulos (Royal Holloway University of London. Egham, Surrey). It is an
adeno-associated viral vector which contains both LCAT and apoE3 cDNAs separated
by an internal ribosomal entry site (IRES) region. The aim was to cut out the apoE-
IRES-LCAT region (termed EIL) and insert it into a vector that is selectable after
transfection into cells in culture. The vector chosen was pcDNA3 (Fig. 6.9B), which
contains ampicillin resistance (for bacterial culture) and neomycin resistance (for cell

culture).

The sequences for both pAAV.EIL and pcDNA3 were studied to establish
common restriction sites which could be used for digestion and re-ligation of the 2
fragments. It was found that the restriction enzymes Ndel and EcoRI both had only 1
restriction site each and were in a convenient location in both vectors. Five
microliters of each plasmid were first digested with 30 units of Ndel overnight at
37°C. This linearised the plasmids, which were then gel purified.

Next, the linearised plasmids were digested with 20 units of EcoRI at 37°C
overnight. Again, the required fragments were isolated by gel purification. The
resulting sizes of the fragments to be isolated were 4.4 kb for EIL and 4.9 kb for
pcDNA3. At this stage, the open pcDNA3 was dephosphorylated as described in
Section 2.1.5 with 0.018 unit of calf intestinal alkaline phosphatase (CIAP) each time.
The dephosphorylated vector was then ethanol precipitated and resuspended in 24 1l
dHO.

The two fragments were now ready for ligation and their concentrations
estimated by measuring their OD at 260 nm. As described in the previous section,
both 3/1 and 1/1 ratios of insert to vector were tried for the ligation, using the
formula described in Section 2.1.7. The ligation reaction was carried out at 4°C
overnight. The next day, transformation into DH5a cells was performed, using the
same protocol as previously mentioned and plating bacteria on LB agar/ampicillin

plates.

The next day 5 colonies were picked from each plate and cultured

overnight in 5 ml LB broth containing 50 pg/ml ampicillin, at 37°C with shaking.

187



Growth was found in 8 of the 10 cultures (labelled C2, C3, C4, C5, C6, C7, C9,
C10), and the plasmids from these were purified as previously described. Twenty
microliters of each plasmid preparation was run on a 1% agarose gel, and 6 of the 8
were found to have visible amounts of DNA, all of the same size (above 8 kb). Equal
amounts of all 8 preparations were digested with 10 units Notl, which was expected
to produce 2 fragments from the plasmid, with sizes of 6.0 and 3.4 kb. Five of the 8
plasmids gave the correct digest products (Fig. 6.10). Preparation ‘C3" was picked to
culture for maxipreparation. This was done as for pXLE3 and the resulting plasmid
preparation was quantified by OD2o. At this stage the plasmid was ready for

transformation into CHO cells, and is henceforth referred to as pXEIL.

A B
EcoRI
W \.
PAAVEIL _
- 1776 bp J
,‘}f
CMV

apoE V’ >

Notl Ndel

Fig. 6.9: Vectors digested to construct the pXEIL plasmid.
A: pAAV.EIL plasmid showing the EcoRI and Ndel restriction sites (red) which were used to
isolate the apoE-IRES-LCAT section (4.4 kb). B: pcDNA3 plasmid with EcoRI and Ndel sites
circled in yellow. The open vector is 4.9 kb. The apoE-IRES-LCAT fragment was cloned into

the vector at these sites.
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6 kb
3.4 kb

Fig. 6.10: Bacterial clones transformed with pcDNA3-EIL and digested with Notl.
Following ext;acﬁon of plasmid DNA from 8 picked colonies, 10% of the DNA was digested
with Notl (see location of restriction sites shown in green in Fig. 6.9). A 1% agarose gel of
digested plasmids against a 1 kb ladder shows that 5 of the 8 colonies contain the correct
plasmid, with restriction fragment sizes of 6 and 3.4 kb.
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6.2.4.3  Production of CHO-LES3 cells and targeting with the LCAT

chimeraplasts

Dihydrofolate reductase (dhfr) is an enzyme which catalyses the conversion of
dihydrofolate to tetrahydrofolate in the chain of reactions that produces thymidylate
(dTMP), one of the essential building blocks of nucleotides [284]. Plasmid pXLE3
contains the DHFR gene, and thus when it is transfected into cells lacking the DHFR
gene (CHOd), only the cells that have taken up the plasmid will survive in media
deficient in hypoxanthine and thymidine (HT). Therefore, CHOd#- cells are grown in
medium supplemented with HT (see Table 2-6), whereas the selection medium lacks
HT. CHOd- cells were transfected with the pXLE3 plasmid as described in Section
2.3.4, with a transfection of pGFP as a control of delivery efficiency.

Twenty-four hours after transfection, the pGFP transfected cells were
observed using a fluorescence microscope for GFP production and the pXLE3
transfection estimated as being 30-40% efficient. The plasmid transfected cells (wells
1-3) were trypsinized from their wells, pooled, and transferred to a 75 cm? flask
containing selection medium. The cells from wells 4 and 5 were also pooled and
transferred to a 75 cm? flask, to serve as a negative control for selection - the cells in
this flask should all die because of the lack of HT in the medium, as they were not
transfected with pXLE3 containing the DHFR gene. The transfected cells began to die
off after approximately one week in selection medium, then quickly reached
confluency over a period of 3 days. Success of transfection was verified by DNA
extraction and PCR and RFLP to analyse the target regions of LCAT and apoE (Fig.
6.11).

Cloning of the cells was considered to be unnecessary for the purposes of the
chimeraplasty experiments intended for these cells. Mutation is readily detected
provided that all cells contain the relevant cDNAs, which can be achieved by

maintaining constant selection pressure.

For thé chimeraplasty experiments, CHO-LE3 cells were seeded in 12-well
plates (1.5 x 105 cells/well) 24 h prior to transfection (Section 2.3.5). Targeting
complexes were made up of 800 nM of S216A /68 chimeraplast (first batch), 600 nM of
apoE3->E2 chimeraplast, and either L-PEI alone, L-PEI + Mel-PEI (1:1), or Tf-PEI with

N:P ratio of 5:1 in all cases. The complexes were incubated for 10 min at room
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temperature, then added to the cells. After 3 h the complex solution and medium
were removed and replaced with fresh medium. Cells were harvested 24 h later for
DNA extraction and RFLP analysis. Although no conversion was detected at the
apoE location (data not shown), the S216A chimeraplast had successfully mutated the
gene at all three conditions (Fig. 6.12A), with the highest conversion for the L-
PEI/Mel-PEI mix. These results were confirmed by sequencing, where two peaks are
visible as there is a mixed population of unconverted cells and cells with the T>G

mutation (Fig. 6.12B).

6.2.44 Production of CHO-EIL cells and targeting with the LCAT

chimeraplasts

CHO-KI cells were used in transfections with the pXEIL vector (Section 2.3.4)
and were cultured in the medium shown in Table 2-6. Selection was accomplished
using G-418, an antibiotic related to gentamicin, which is toxic to both prokaryotic
and eukaryotic cells [253]. Resistance to G-418 is conferred by the presence of the
NEO gene in the transfected plasmid. Thus, addition of the antibiotic to the culture
medium allows a selection of only the cells which contain the transfected plasmid
with the NEO gene. Transfection of plasmid pGFP was again performed as a control

of delivery efficiency.

The day after transfection pGFP-transfected cells were observed under the
microscope and delivery was estimated at being 40-50% efficient. The pXEIL-
transfected cells were pooled and selected as was described above for pXLE3, and
were kept under constant selection pressure. These cells were analysed by RFLP for

confirmation of the presence of LCAT and apoE cDNAs (Fig. 6.11).

Transfections with the S216A/68 (first batch) chimeraplast were performed
exactly as for the CHO-LE3 cells. Analysis of the extracted DNA again showed
successful conwversion in the LCAT ¢cDNA, with the best gene correction in cells into
which chimeraplast was delivered using Tf-PEI (Fig. 6.12A), though no conversion in
apoE cDNA (data not shown). Sequencing of these DNA samples confirmed a very
good T->G mutation using Tf-PEI as the delivery agent (Fig. 6.12B).
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L E2 LE3 EIL LE3 FIL L

91b 144 b
83 bp P p

48 bp 85 bp

Fig. 6.11: RFLP analysis of CHO-LE3 and CHO-EIL cells.
Following selection, DNA was extracted from cells of each cell line and analysed for the
presence of apoE and LCAT cDNAs. A: ApoE RFLP showing correct digest pattern for the
apoE3 genotype contained in both cell lines (91 and 48 bp), compared to digestion of DNA
with the apoE2 genotype (E2: 91 and 83 bp). B: LCAT RFLP analysis of the Ser216 site
confirming the presence of LCATwr cDNA (144 and 85 bp). L: 10 bp ladder.
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CHO-LE3 CHO-EIL

P PM Tf R PM Tf L 8] M

CHO-LE3

Fig. 6.12: Targeting of CHO-EIL and CHO-LE3 cells with S216A/68.

Both cell lines were transfected with 800 nM of the S216A/68 (first batch) chimeraplast and
600 nM of apoE3 DE2 chimeraplast. Complexes were formed using either L-PEI, L-PEI/Mel-
PEI (1:1) or Tf-PEI (all N:P=5:1) and left on the cells for 3 h. Cells were harvested for
analysis 24 h later. RFLP indicates conversion from T->G at all transfection conditions in
both cell lines, by the appearance of two extra bands of 76 and 68 bp size (A). The successful
gene mutation was confirmed by sequencing (B). P: L-PEI; PM: L-PEI + Mel-PEL Tf: Tf-
PEL L: 10 bp ladder; U: untreated cells; M: CHO-LCATau cells (containing both Ser208Ala

and Ser216Ala mutations) as a positive control.
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6.2.5 GENE REPAIR WITH A SER216ALA SINGLE-STRANDED

OLIGONUCLEOTIDE

During the course of my investigations with chimeraplasts, increasing interest
developed in gene repair using single-stranded oligonucleotides (SSONs), as several
studies showed that these shorter molecules could achieve the same goal as
chimeraplasts (see Section 1.3.3.3 of the Introduction). As a result of their reduced
structure, SSONs have the advantage of being easier to purify and less costly to
produce compared to chimeraplasts. Consequently, Tapestry Pharmaceuticals
(Newark, Delaware) kindly agreed to synthesize two SSONSs to target the Ser216 site
of LCAT, one aimed at the transcribed strand of the gene (S216A-T), the other aimed
at the non-transcribed strand (S216A-NT). The sequences of the 49-mer
oligonucleotides are shown in Fig. 6.13 and are completely DNA with three
phosphorothioate linkages on the last three nucleotides at each end. They were
provided as a solution of 10 pg/pl in water.

S§216A-T: 5’ -TCTCTTGGGGCTCCCTGGGGTGGCGCCATCAAGCCCATGCTGGTCTTGG-3"

S§216A-NT: 5’ - CCAAGACCAGCATGGGCTTGATGGCGCCACCCCAGGGAGCCCCAAGAGA-3

Fig. 6.13: Sequences of the LCAT Ser216Ala SSONES.
The oligonucleotides each target either the transcribed strand (S216A-T) or non-transcribed
strand (S216A-NT) of the gene. Each molecule is a 49-mer and contains the mutation at its
centre (underlined) with the last three bases at each end protected with phosphorothioate
linkages.

Based on data published by Parekh-Olmedo et al. [285], CHO-EIL cells were
transfected with each of the SSONSs at three different doses (2, 6 or 12 pg per 2 x 105
cells) using L-PEI (N:P=5:1) following the same process as for chimeraplast

transfections. Cells were incubated with transfection complexes for 5 h and harvested
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for analysis 24 h later. Control cells targeted in parallel with pGFP were viewed the
day after transfection by fluorescence microscopy for GFP production, which showed
a transfection efficiency of approximately 10%. Despite this low result, RFLP analysis
of the SSON-transfected cells showed successful mutation with 6 and 12 pug doses of
the S216A-NT oligonucleotide, although no gene correction was detected using
S216A-T (Fig. 6.14).

S216A-T S216A-NT
U M 2 6 12 2 6 12
144 bp
85 bp
76 bp
68 bp

Fig. 6.14: CHO-EIL cells transfected with S216A SSONS.
CHO-EIL cells were transfected with increasing quantities (2, 6, or 12 ug) of oligonucleotide
S§216A-T or S216A-NT in complex with L-PEI (N:P=5:1) for 5 h. Cells were analysed 24 h
later and RFLP shows that S216A-NT is able to mutate the gene at the two higher doses (as
judged by appearance of the 76 and 68 bp bands). U: untreated cells; M: CHO-LCAT:m cells
(containing both Ser208Ala and Ser216Ala mutations) as a positive control.
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6.3 DISCUSSION

Comparative investigations into the delivery of chimeraplasts using PEI-based
reagents into cells in culture (Chapter 5) showed that the standard protocol, using L-
PEI alone, can be improved by supplementing the PEI/DNA complexes with Mel-PEI
or Gal4-PEI. This was evident from both a gene delivery point of view (uptake of
chimeraplast molecules into the nucleus) and a gene correction one (genotypic proof
of chimeraplast action). Using this information, I went back to my LCAT-mutating
chimeraplasts and targeted CHO-LCATwr and HepG2 cells in order to generate the
S208A and S216A mutations. For improved delivery into CHO cells, a combination of
L-PEI and Mel-PEI was used, while in HepG2 cells delivery was optimised by using
L-PEI with Gal4-PEI to exploit uptake via the asialoglycoprotein receptor.

Despite these efforts, along with attempts at delivery with other modifications
(pre-incubation of cells with chloroquine or use of Tf-PEI), RFLP analysis repeatedly
showed unmutated targets. The likelihood of failure to see a nucleotide change being
due to a delivery barrier now appeared less likely as the increased efficiency of these
vehicles had been verified by targeting the APOE gene, but another experiment to
support this assumption was performed. HepG2 cells, which express both LCAT and
APOE genes, were co-targeted simultaneously with the Ser216Ala chimeraplast and
the apoE3->E2 chimeraplast, complexed together with L-PEL. When fluorescently-
labelled, the latter was previously seen to enter the nucleus. By complexing the two
chimeraplasts together, I hoped that the apoE chimeraplast would act as a “piggy
back” for the LCAT chimeraplast into the nucleus. Again, a mutation was found in

the APOE gene but not in LCAT.

Finally, nuclear microinjection of the chimeraplasts was performed to
completely eliminate the possibility of delivery being an insurmountable hurdle for
these oligonucleotides. As a control for the process, an apoE chimeraplast was also
microinjected in parallel. While a clear mutation was achieved with the apoE
chimeraplast, neither of the LCAT chimeraplasts managed to produce a mutation.
This last transfection in the series put to rest the question of DNA delivery, as this
time there was no doubt that the molecules were physically present in the nucleus.

Kren et al. [182] showed that nuclear uptake of chimeraplasts is independent of
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sequence by transfecting 5 different fluorescently-labelled molecules aimed at
different genes into the same cells. Therefore the query now was why can one

chimeraplast direct mutation, but not another?

One possible explanation for the apparent failure of the LCAT chimeraplasts is
that some gene conversion does occur, but at such a low frequency that it is not
detectable by PCR. Numerous chimeraplasty studies support such an idea. For
example, a chimeraplast aimed at mutating the tyrosinase gene in melanocytes
(resulting in a change of pigmentation from white to black) was successful at a
frequency of 0.01-15% [184]. The method by which these results were obtained was
simply by counting pigmented cells under a microscope. In a separate study,
mutation of the p-galactosidase gene to restore enzymatic activity was successful at
levels of 0.1-1% as determined by histochemical staining and colour selection of
bacteria transformed with Hirt DNA [272]. Other quantitative methods, such as
scanning densitometry of RFLP bands on polyacrylamide gels is only able to pick up
conversions of 5% or over, while detection of 32P-dCTP incorporated into PCR
reactions is only reliably measured above 1% conversion [187]. If indeed the gene
correction mediated by the S208A and S216A chimeraplasts was at the low levels
described above, then a method of detection other than PCR-RFLP would be
beneficial in future experiments. On the other hand, assuming low but successful
mutations were occurring, the usefulness of such weak conversions would have to be

questioned when the ultimate goal is use as a clinical gene therapeutic.

Another matter which has been addressed in the past is whether
transcriptional activity influences the ability to target a gene. Early on in
chimeraplasty’s history it was shown that this was unlikely to be a factor in gene
correction, as the pB-globin gene was successfully mutated in hepatocytes, where it is
not expressed [182]. On the other hand, others suggest that transcriptional activity
does play a role in gene repair [200, 286], though these studies were conducted on

single-stranded oligonucleotide-mediated repair.

Additic;nal considerations for successful chimeraplasty are the quality of the
reagent and whether the molecules may be toxic to the transfected cells. The first
point was addressed in Chapter 4, where visual evidence of chimeraplast quality was
seen and showed that there is an inter-batch difference in synthesis quality. With
regards to toxicity, it is difficult to judge in transfections with chimeraplast/PEI

mixtures whether any observed toxicity is due to the oligonucleotide or to the PEIL
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Evidence against chimeraplasts themselves being toxic is that when I microinjected
naked molecules into cell nuclei there was no more cell death than when PEI
transfection was used. Nevertheless, we do not know if DNA and PEI stay
complexed the whole time they are in the cell, and free PEI may be cytotoxic.
Clamme et al. [287] studied the intracellular fate of PEI and observed that 80% of PEI
molecules in DNA/PEI complexes are free, and that there is a great accumulation of

free PEI in the nucleus.

Chimeraplast stability before and after transfection is another factor that may
affect successful gene correction. Once inside the cell, PEl-associated chimeraplasts
are protected from degradation, but it is not certain that all molecules remain
complexed with PEI the whole time that they are inside the cytoplasm and nucleus. If
a proportion of molecules were being degraded at some point, this might also account
for very low gene correction activity. To counter this possibility, one study
transfected cells with labelled molecules, then isolated them from cell lysates and
showed on a polyacrylamide gel that the chimeraplasts were intact 24 h after

transfection as before transfection [179].

My next line of investigation was concerned with gene location as an
explanation for the lack of detectable mutation in the LCAT gene. Little is known at
this stage aiaout the exact conformation of most genes and their relationship with
surrounding structures. It is therefore difficult to compare genes while trying to
determine if one is more accessible to gene targeting than another. HepG2 cells were
targeted because they express the LCAT gene [288] and represent an in vitro model of
gene repair in the liver, which would be the in vivo aim for LCAT chimeraplasty. Asa
comparison, recombinant CHO cells stably expressing LCAT would not have the
cDNA integrated in the same location as the gene in a human cell line. Nevertheless,
these different targeting locations did not give an obvious difference when
transfecting the two cell lines with the LCAT chimeraplasts, as in both results were

negative.

The a\;ajlability of the apoE chimeraplast (E3->E2), an oligonucleotide
previously shown to be active, was useful as a positive control for experiments with
the LCAT chimeraplasts. With this in mind, I constructed two plasmids that
contained both LCAT and apoE targeting regions adjacent to each other, and used
these to produce the cell lines CHO-LE3 (where just the targeting area of apoE was
inserted downstream of the LCAT targeting area) and CHO-EIL (containing complete
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cDNAs for both proteins). If these two recombinant cell lines were also susceptible to
apoE targeting, then logically it implies that the transfected DNA, co-harbouring the
LCAT gene, is accessible to a mutagenic chimeraplast. The results of my experiments
showed, for the first time, the required T->G mutation at the amino acid 216 site of
LCAT in both cell lines.

An explanation now needs to be found for the reason that LCAT in this
context was accessible to gene correction but was not in HepG2 or CHO-LCATwr cells.
It has been shown that one chimeraplast can have different mutation frequencies in
different cell lines [187]. Other than transfection efficiency, no clear reason is yet
available for this finding, but a possibility is that the recombinational ability of each
cell type is different and therefore leads to variations in gene correction frequencies.
This idea was supported by enhanced gene correction by up to 70% after transfections
of chimeraplast into cells that overexpress RAD51, the protein that is thought to
stabilise the double D-loop structure needed for chimeraplast interaction with its
target [196], compared to transfection into the same cells without RAD51 [197]. In the
case of my experiments, this might only be the true when comparing CHO-EIL and
CHO-LE3 cells to HepG2 cells, but would not explain differences between these two
cell lines and CHO-LCATwr cells, as they are essentially all based on the same
Chinese hamster ovary cell.

To return to my “piggy back” idea of apoE chimeraplasts carrying LCAT
chimeraplasts, I cannot say for certain that it is the presence of the apoE chimeraplast
in transfection complexes that caused the LCAT mutation to be successful.
Unfortunately, time limitations did not allow me to investigate this finding further,
but the next experiment to do would have been targeting of the CHO-EIL and CHO-
LE3 cells with the S216A chimeraplast alone, to observe whether the presence of the

apoE chimeraplast really has any influence on successful mutation in LCAT.

Successful gene correction in the CHO-EIL recombinant cell line with the
S216A SSON shows that these shorter oligonucleotides probably have an advantage
over chin1erapiasts in mediating gene repair. Various publications have shown that
when targeting the same sequence with a corresponding chimeraplast and SSON, the
SSON showed higher activity [197,198]. Again, time limitations did not allow me to
verify that this was true for LCAT by transfecting HepG2 cells or CHO-LCATwr cells.
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An interesting feature of SSONSs is that although both strands of a gene can be
targeted, the non-transcribed strand is more amenable to gene correction. This was
apparent in my last experiment, where the oligonucleotide targeting the non-
transcribed strand proved to have mediated gene conversion, while the other
oligonucleotide did not. It has been postulated that the reason for this strand
preference stems from the interactions of RNA polymerase with the target gene. The
polymerase molecules associate to the transcribed strand, and it is possible that this
creates competition for the target sequence, with the result that the SSON
corresponding to the transcribed strand is displaced by the polymerase. By contrast,
the non-transcribed strand being relatively undisturbed, it is more open to
hybridisation with its corresponding SSON. Support for this hypothesis has been
shown by Liu et al. [200], who used 32P-labelled oligonucleotides to target a site
within a plasmid, and observed the interaction between the two once RNA
polymerase was added. They found that the labelled gene repair molecule was
displaced from the strand that was the object of transcription. Consequently, this
means that SSONs have a major difference from chimeraplasts: SSON activity appears

to be influenced by the cell’s transcriptional status, whereas chimeraplasts are not.

The recent appearance of strategies to enhance gene repair mediated by
SSONs would be of interest to test using both LCAT chimeraplasts and SSONs. One
such strategy is the overexpression of RAD51 in cells prior to transfection [183], for
reasons discussed above. Another is treatment of cells with DNA damaging agents
such as hydroxyurea or thymidine before transfection with gene correction
oligonucleotides, as this has been shown to induce homologous recombination and
therefore facilitates mutation by an SSON [289]. Finally, it has also been
demonstrated that elongation of the S phase using camptothecin [202] slows

replication forks and thus increases the frequency of gene repair with SSONSs.

In summary, more work needs to be done to elucidate the extent of success of
the S216A chimeraplast and SSON: whether LCAT in hepatic cells can be mutated,
whether such a mutation is stable after repeated passaging of cells, and whether it
would be successful in vivo. In conclusion, there are still many mysteries regarding
the exact intracellular movements and mechanisms of action of chimeraplasts and
SSON s, but the preliminary success in mutating the LCAT gene brings hope of this
technique eventually being used as a gene therapeutic.
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Chapter 7 -

General Discussion
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7.1 AIMS OF THE THESIS

Atherosclerosis is a multifactorial process (Section 1.1.1), and therefore many
possible gene therapy targets exist to combat this entity. An important physiological
process in atheroprotection is reverse cholesterol transport, the pathway by which
excess cholesterol is gathered from peripheral cells and taken to the liver for
degradation. One of the key steps in RCT is the esterification of cholesterol by LCAT,
leading to maturation of HDL particles [37]. Besides this function, LCAT has also
been shown to be able to reverse the oxidation of LDL [95], an important contributor
to the generation of atheromas. Therefore, LCAT can be regarded as an important
factor in the prevention of atherosclerosis. Indeed, the absence of LCAT can result in
an abnormal lipid profile and atherosclerosis [110]. The benefits of functional LCAT
are evident from overexpression in transgenic rabbits [113], where these animals
showed resistance to atherosclerotic changes on a cholesterol-rich diet, and even
diminished atheromas. This line of reason has led to the development of anti-
atherogenic therapy by LCAT gene addition, using mainly adenoviral and retroviral
vectors [117-119].

In broad terms, atherosclerosis can either be prevented or existing lesions
reversed. Gene therapy strategies aim to do this locally at the site of atheromas or
systemically by targeting genes involved in the regulation of atherogenesis. Most of
the human trials so far have involved viral vectors to deliver genes locally. For
example, the vascular endothelial growth factor (VEGF) gene was successfully
injected into the myocardium of patients with CHD using an adenoviral vector [290].
In a slightly different approach, retrovirus-LDLR cDNA was transfected ex vivo into
resected hepatocytes of patients with familial hypercholesterolaemia and transplanted
back into the liver [291]. Systemic treatment for atherosclerosis has not yet appeared
in clinical gene therapy trials, but shows promise when attempted in animal models.
Examples of these are the intravenous administration of adenovirus-eNOS (the
endothelial nitric oxide synthase gene) [292] and AAV-IL-10 (the interleukin-10 gene)
[293] into apoE-deficient mice, both of which showed inhibition of progression of
atherosclerotic lesions. The common factor in all the current lines of investigation is
that the great majority use a gene addition strategy, whereas only our laboratory has
utilised a gene repair approach [191].
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If the presence of a higher number of LCAT molecules by overexpression of
the gene leads to atheroprotection, then in theory the same should be true for LCAT
molecules with an increased specific activity. In order for this to be possible, gain-of-
function mutations in the LCAT gene are necessary. Two such mutations have been
shown in vitro: Ser208Ala and Ser216Ala, with increased activities up to 14-fold that of
wild-type LCAT [122, 125]. In order to introduce these mutations with the aim of
creating a form of gene therapy, a method of gene repair is required, such as the
technique of chimeraplasty. This method involves targeting the LCAT gene in situ
with an RNA/DNA oligonucleotide that would recruit DNA repair mechanisms
intrinsic to the cell in order to promote the required mutations [179]. To date, no such
method has been used to target the LCAT gene with the goal of treating
atherosclerosis. Chimeraplasty is an attractive procedure because, unlike gene
addition, it allows the target gene to remain in its natural position and interact with
surrounding regulatory elements, something which does not occur when cDNA is

inserted into a cell.

The main aim of this thesis was to edit the LCAT gene using chimeraplasty in
order to produce the potentially atheroprotective mutations Ser208Ala and Ser216Ala
in vitro. As part of this study, I created a recombinant cell line expressing LCAT
containing both Ser208Ala and Ser216Ala, and compared the specific activity of this
variant with LCATserz16a1a and wild-type LCAT, to determine whether indeed these
mutations lead to increased activity of the protein. Next, I studied the nuclear uptake
of a validated chimeraplast that targets the APOE gene in order to develop the most
efficient DNA delivery protocol for the transfection of chimeraplasts into cells in
culture. I did this by testing the transfection efficiency of a variety of PEl-based
reagents, using PCR-RFLP for monitoring gene correction and FACS for assessing
nuclear uptake. I then went on to use this optimised protocol to target the LCAT gene
with chimeraplasts in HepG2 and recombinant CHO cells.

7.2 LCATs216a AND LCATs208a+s216A HAVE HIGHER
ENZYMATIC ACTIVITY THAN WILD-TYPE LCAT

The experiments previously conducted to test the specific activity of LCAT
mutants [106,109] followed a similar method to those carried out here. LCAT cDNA
was mutated by site-directed mutagenesis and transfected into cells. The main

difference is that the published studies used transiently transfected cells, whereas
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here the transfections were stable. Additionally, the combined effect of mutating both

208 and 216 sites to alanine had not previously been examined.

In this study, I used site-directed mutagenesis to produce a T>G mutation
resulting in the Ser208Ala amino acid change in a plasmid already containing LCAT
cDNA with the Ser216Ala mutation. This double-mutated cDNA (LCAT2v) was then
transferred to an expression vector and stably transfected into CHO cells. These
recombinant cells were selected and cloned. The highest LCAT secreter of the
resulting clones was used to produce LCATayv for comparison with LCATsz6a and
LCATwr proteins. The specific activities of the three LCAT variants were compared
by measuring the cholesterol esterification rate of the enzyme using a proteoliposome
substrate containing 3H-cholesterol and estimating protein mass using scanning
densitometry of bands on Western blots. Although my experiments were only of a
preliminary nature, because of the suboptimal substrate used for the reaction, it
appeared that the Ser216Ala mutation did confer higher activity (approximately 9-
fold greater) than the wild-type variant. The double-mutation also resulted in higher
activity, though only about twice that of wild-type LCAT.

Although my results only give a rough indication of differences between the
three LCAT variants, Francone and Fielding [122] had shown LCATsz6a to be 14 times
more active than wild-type LCAT, while Qu et al. [125] found it had almost twice the
activity. Thus, my activity assay for the Ser216Ala variant confirm these reports, if
not quantitatively, then at least in a qualitative manner that this mutation results in
superior LCAT enzymatic activity. The 2-fold increase in activity shown in my assays
of the double-mutated LCAT variant is less noteworthy and would probably not be
worth pursuing. Nevertheless, because my investigation was preliminary, it is still
useful to verify this increased activity properly. It is thought that the increased
hydrophobicity provided by an alanine residue at a location close to the enzyme’s
active site (i.e. amino acid 216) may help bind substrate [125]. It is difficult to explain
why the presence of two alanines in this region (i.e. also at amino acid 208) would
result in lower activity than just one. No studies have appeared that examined
mutations of the two sites together, but if indeed an alanine aids phospholipids
binding, one possibility could be that the second alanine somehow interferes with

substrate binding.

Given more time to devote to this part of my thesis, I would have worked on

developing better substrate and carried out more extensive comparisons of the LCAT
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variants to generate statistically significant values. I would have also verified the
acquired specific activities by examining several clones of each LCAT variant. Other
studies can also be conducted to exploit the recombinant cell lines that now exist. The
roles of LCAT in RCT and as an anti-oxidant can be further investigated by examining
the three variants. Additionally, the mutated cDNAs may be incorporated into viral

vectors, as a method of “enhanced” gene addition.

7.3 DELIVERY OF CHIMERAPLASTS INTO CELLS IS
IMPROVED BY CHLOROQUINE, MEL-PEI AND GAL4-PEI

Most gene delivery methods involved viral or liposomal vectors until the
appearance of PEL. This versatile polycation was shown to be an efficient DNA
carrier both in vitro and in vivo [228]. The degree of protonation of PEI's amine
residues increases as the pH decreases [294]. This unique quality allows PEI to buffer
endosomes by a “proton sponge” effect and leads to endosomal rupture, freeing
DNA/PEI complexes and preventing degradation [295]. Therefore, PEI has an
advantage over viral vectors because it lacks immunogenicity, and is superior to

liposomes because it can avoid lysosomal degradation.

Additionally, PEI can be easily modified to enhance delivery or target specific
cells. Linking the peptide melittin to PEI results in better complex uptake due to its
membrane lytic activity, but also improves nuclear accumulation. Ogris and
colleagues believe this is due to a nuclear localisation signal-like sequence contained
in melittin’s primary structure [242]. Several ligands exist that can target specific cell
types: mannose for macrophages [239], transferrin for rapidly dividing cells [240], and
galactose (and lactose) for hepatic cells [238]. Also, intracellular survival of DNA/PEI
complexes can be improved by the use of chloroquine, as this reagent can inhibit

lysosomal degradation of complexes by raising their pH [221].

In ordel.' to study uptake of chimeraplasts into hepatic cells for the purposes of
finding an optimal delivery protocol, I tested several PEI variants as well as the use of
chloroquine. I found that this was important to assess as most publications on the
subject of delivery agents used plasmids, whereas RNA/DNA oligonucleotides may
act differently when complexed with PEL I used a validated chimeraplast that targets
the APOE gene to measure delivery efficiency into HepG2 cells in two ways: 1) gene

conversion activity of the chimeraplast (i.e. successful access and action of
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oligonucleotides to target DNA) was investigated by RFLP; 2) the uptake of
DNA/PEI complexes into the nucleus was examined by counting nuclei transfected

with a fluorescent chimeraplast using FACS.

The varieties of PEI that were used in these experiments were linear PEI,
branched PEI, Melittin-PEI (25-kDa), Melittin-PEI (2-kDa), Galactose-PEI, Galactose4-
PEI and Transferrin-PEL. Preliminary transfections with the plasmid pGFP showed
that of these reagents, Mel-PEI (25-kDa) and Gal4-PEI were the most promising, and
appeared to transfect more cells than L-PEI. From the properties of Mel-PEI and Gal-
PEI mentioned above, this seems a logical finding.

Investigations using the apoE chimeraplast were more detailed. Transfections
to examine gene conversion were performed using the minimal quantity of
oligonucleotide so that performance differences between reagents would be
detectable by RFLP analysis. Comparison of L-PEI, L-PEI + chloroquine, and B-PEI
showed that of the three, L-PEI with chloroquine gave the best conversion. This result
demonstrates that even though L-PEI has the ability to protect the chimeraplast
intracellularly, the action of chloroquine must reduce degradation even further.
Another finding was that the receptor-specific PEIs were of value. While Gal-PEI did
not produce results obviously better than L-PEI, both Gal4-PEI and Tf-PEI increased
the conversion. The most remarkable results were observed when L-PEI was
combined 1:1 with either Mel-PEI or Gal4-PEI. For example, the addition of Gal4-PEI
resulted in successful gene conversion using a chimeraplast that had previously been

unsuccessful when delivered with L-PEI alone.

In order to obtain additional, quantitative support for the RFLP findings,
experiments were repeated and fluorescent oligonucleotide-transfected nuclei
counted by FACS. The first significant finding was that although Mel-PEI alone did
not improve transfection efficiency, its combination with L-PEI resulted in a 27%
increase in nuclear delivery of chimeraplast. There could be several explanations for
this result. The interaction of Mel-PEI with chimeraplasts may be different than with
plasmids, and no investigation into this matter has yet been published. Additionally,
Mel-PEI is 25-kDa while L-PEI is 22-kDa, an apparently significant difference when it
comes to delivery ability [277], and therefore when the two were combined the
condensing ability of L-PEI was used, while nuclear delivery was exploited by Mel-
PEL
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When examining the reagents that utilise the asialoglycoprotein receptor to
target hepatic cells, I found that although Gal-PEI was inferior in transfection
efficiency to L-PEI, Gal4-PEI improved delivery by 24%. Furthermore, combining L-
PEI with Gal4-PEI raised chimeraplast delivery by another 10%. The reason for the
tetragalactose (Gal4-PEI) variant being more useful than Gal-PEI may be because
Gal4-PEl is able to form smaller, more stable DNA /PEI complexes, resulting in more
efficient delivery [283]. Here, again, the improved performance afforded by the
addition of L-PEI can be explained by the fact that Gal4-PEI is 25-kDa, like the Mel-
PEL

FACS analyses of transfections using chloroquine showed an increase in
nuclear delivery compared to cells that did not receive chloroquine, but the values
were not statistically significant. The same was true for experiments using Gal4-PEI.
In HepG2 cells, which carry the ASGPR, FACS values indicated that more HepG2
nuclei were transfected with L-PEI + Gal4-PEI than nuclei from CHO cells (which lack
the ASPGR), but these were not statistically significant.

In conclusion, taking both RFLP and FACS data together, the best transfection
conditions for delivery of chimeraplasts into HepG2 cells are L-PEI + Gal4-PEI > L-
PEI + chloroquine > L-PEI +Mel-PEL. While the results of this study were useful for
the continuation of my work of targeting the LCAT gene by chimeraplasty, they can
also be applied to future experiments where chimeraplasts are used to target other
genes. This includes improving chimeraplast delivery for in vivo trials, especially to
target the liver, as with a hepatic receptor-specific feature it may be possible to bypass
DNA/PEI complex trapping in the lungs after intravenous injection [235].
Furthermore, it could be useful to transfect fluorescently-labelled oligonucleotides in
order to separate out transfected cells using FACS so that RFLP analysis is only of
successfully transfected cells, which may lead to seeing a higher conversion than if

DNA is collected from a mixed culture of transfected and untransfected cells.

7.4 LCAT CAN BE EDITED AT THE SER216 SITE BY BOTH
CHIMERAPLASTS AND SINGLE-STRANDED
OLIGONUCLEOTIDES

I began my attempts to edit the LCAT gene by transfecting two chimeraplasts,
each causing a T->G mutation, to create the Ser208Ala or Ser216Ala phenotypes. The

207



delivery vehicle was L-PEI and a standard protocol that had previously worked well
[191] was used to target HepG2 cells and CHO-LCATwr cells. Unfortunately, this
method failed, and so different aspects of the basic method were modified: 1) the
concentration of chimeraplast was increased up to 1200 nM (whereas previously a
concentration of 400 nM was sufficient to mediate mutation in our laboratory); 2) the
N:P ratio of PEI was varied from 4:1 to 9:1 because the standard 5:1 ratio did not show
a conversion; 3) a centrifugation step was added to increase the contact of complexes
with cells; 4) cells were retargeted to generate a cumulative effect of chimeraplast
action; 5) an 80-mer chimeraplast was used instead of the standard 68-mer length to
improve oligonucleotide-target hybridisation; and 6) several new batches were
synthesised to address possible problems of chimeraplast quality. Unfortunately,
none of these variations to experimental conditions resulted in successful

chimeraplast action.

Having established the best transfection conditions for chimeraplasts (above),
I then repeated the experiments using L-PEI + chloroquine or L-PEI + Mel-PEI on
CHO-LCATwr cells, and those combinations plus L-PEI + Gal4-PEI on HepG2 cells.
Again, no gene conversion was noted by RFLP analysis. In order to eliminate the
possibility of oligonucleotide delivery as the limiting step, HepG2 cell nuclei were
mincroinjected with the chimeraplasts. Again, no mutation was observed. As a
transfection control, I cotargeted HepG2 cells with an apoE chimeraplast as well as an
LCAT chimeraplast; this resulted in successful conversion in the APOE gene but none
in the LCAT gene. At this point, it seemed less likely that delivery was the barrier to
successful chimeraplasty, but that the oligonucleotides themselves were the problem.

One of the possible explanations for LCAT chimeraplasty mutations being
undetectable by RFLP analysis is that this method is not sensitive enough to detect
low levels of mutation. Successful chimeraplasty experiments have been previously
shown at frequencies of as low as 0.01% [184], whereas scanning densitometry of
RFLP bands can only detect conversions of about 5% [187]. Chimeraplast quality is
another area of concern, as visualisation of the reagents by electrophoresis showed
that there is a difference between each synthesis. Synthesis of these long molecules
involves coupling reactions and deprotection, which are not totally efficient and can
result in impure products. Additionally, we do not know the exact fate of
chimeraplasts once inside the cell. Though apparently intact RDOs have been
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detected [179], and I have demonstrated that they do migrate into the nucleus, we

cannot be sure that there is no major degradation.

Finally, we do not know why certain genes appear amenable to mutation by
chimeraplasts and not others. Zhang and colleagues [185] looked at six different loci
and targeted them with 42 chimeraplast variants. The group designed standard 68-
mer RNA-DNA oligonucleotides as well as RDOs with varying lengths of DNA or
RNA segments and RDOs with no complementary region to the target DNA. All
chimeraplasts were introduced in vitro using liposome carriers mainly into
lymphoblastoid cells, fibroblasts, or hepatocytes. = Additionally, they attempted
electroporation and microinjection, but PCR-based analysis and sequencing showed
no reproducible success. Diaz-Font et al. [296] tried to use a chimeraplast to correct a
mutation that causes Gaucher disease and found no evidence of success by RFLP
analysis. Although currently gene conformation and interaction with surrounding
structures is not fully understood, this aspect of gene repair may be the answer to

inter-gene differences in targeting success.

With this in mind, I wanted to examine the effect of the proximity of the apoE
targeting region to the LCAT targeting region. In order to do this, I generated two
recombinant cell lines expressing apoE-LCAT cDNA: one had both full-length cDNAs
next to each other (CHO-EIL), while the other was a hybrid sequence with the apoE
targeting section just downstream of the LCAT targeting region (CHO-LE3). I then
co-transfected these cells with the apoE3->E2 and LCAT Ser216Ala chimeraplasts and
found that the Ser216Ala oligonucleotide successfully mutated the gene in both cell
lines. Time limitations did not allow me to transfect these cells with the Ser216Ala
chimeraplast alone, in order to assess whether the presence of the apoE chimeraplast
somehow potentiated its effect. Nevertheless, the fact that these recombinant CHO
cells were targetable whereas the CHO-LCATwr cells were not may indicate that the
location of cDNA integration in the nucleus does influence accessibility of

chimeraplasts to target genes.

Successful mutation was once again seen when targeting CHO-EIL cells with
single-stranded oligonucleotides aimed at the Ser216 location of LCAT. These
molecules have been shown to be better at mediating gene correction than
chimeraplasts [197,198], but are believed to use the same basic mechanisms. I also
comfirmed the published findings that SSONs aimed at the non-transcribed strand
result in up to nearly 20 times higher mutation frequencies than those aimed at the
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transcribed strand [200]. The authors showed that this is due to less interference by
RNA polymerase on the non-transcribed strand.

There are many more points to investigate in LCAT gene repair. My
successful preliminary targeting work with the Ser216Ala chimeraplast in CHO-EIL
and CHO-LE3 cells needs to be repeated with no apoE chimeraplast present, for
reasons explained above, as well as targeting these cells with the Ser208Ala
chimeraplast. Once successful targeting is established, the stability of the mutations
needs to be assessed by passaging the cells and re-analysing for retention of the
mutation. The SSONs need to be transfected into HepG2 cells, to see whether
hepatocytes are sensitive to their effect, and if so, again to check the stability of the
mutation after passaging. Once this has been established, mutated cells can be cloned
and secreted LCAT studied for levels of activity as was done for the recombinant

CHO cells.

The ultimate aim of this project was to test the viability of the chimeraplasty
method in targeting the LCAT gene, and if successful to generate a HepG2 cell line
expressing LCATsxsa or LCATszea with assumed higher enzymatic activity than
wild-type LCAT. Previously published studies have shown LCAT variants resulting
in reduced enzymatic activity that were naturally occurring or created by
mutagenesis. Gain-of-function mutations in LCAT have so far only been the result of
mutagenesis in recombinant cells. To have a human hepatocyte cell line expressing
an LCAT gain-of-function mutation in situ is a novelty and of clear scientific value. In
particular, the cells will be useful for studying LCAT structure-function relationships
in a setting that is not engineered, such as when plasmids carrying cDNA are inserted

into cells.

Moreover, the fact that this is achievable by the gene repair techniques used in
this thesis encourages studies into in vivo gene manipulation. There are obvious
advantages to .using RDOs and SSONs rather than a viral vector approach. The
molecules are relatively inexpensive to produce, are non-immunogenic and, as they
target the endogenous gene, do not have the problem of producing low expression
sometimes found with viral vectors. Successful in situ gene editing of LCAT in an
animal model could open up a new avenue of anti-atherogenic treatment and has the

potential to become a real gene therapy approach to atherosclerosis.
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